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THE ROLE OF AERODYNAMICAL PHENOMENA 
IN SHAPING AND SCULPTURING 
AUSTRALIAN TEKTITES 


GEORGE BAKER 


ABSTRACT. Primary australite shapes are considered to have been generated in an 
extraterrestrial environment, but secondary shapes and front surface sculpture arose as a 
consequence of the development and action of certain aerodynamical phenomena during 
ultra-supersonic, non-rotary flight earthwards through the atmosphere. Shock waves, 
boundary layer laminar flow and turbulence in the atmospheric medium traversed by 
australites at such high speeds, resulted in high temperatures, skin friction and form drag 
to which the front surfaces and equatorial regions of australites were subjected for a 
very short period of time. The primary shapes, of which spheres and spheroids consti- 
tuted the greatest proportion, were cold on initial entry into the earth's atmosphere, and 
each member of each shape group already possessed pre-formed complex internal flow 
patterns and bubble-pitted, flow-swirled surface features, Conflict with the atmoshere 
during ultra-supersonic speeds of earthward passage resulted in considerable diminution 
in bulk of each australite, This arose from removal of glass in front surface and equatorial 
regions under the influence of ablation and thin-film fusion-stripping, accompanied by 
the building up of circumferential flanges with plane spiral coiling on the peripheral 
edges of the otherwise unaffected back surfaces, and the production of small troughs and 
ridges as newly jormed sculptural elements upon the front surfaces. The production of 
the relatively rare flat, thin varieties of australites, hitherto regarded as difficult of ex- 
planation, is readily envisaged under the terms of aerodynamical control at high speeds 
of flight. 


INTRODUCTION 

Many diverse and unsuccessful attempts have been made to explain the 
mode of origin of the shapes and sculpture patterns of australites, since the 
days when the Rev. W. B. Clarke (1855) wrote that australites appeared “as 
if cast in a mould”, and Walcott (1898) recorded that some people believed 
australites were originally plastic materials that had been pressed by a saucer- 
shaped mould in the ground. 

Suggestions advanced as explanatory of the shapes and sculptural ele- 
ments, are inevitably bound up with some particularly favored, but unproven 
source, advocated for the glassy material composing australites by adherents 
to the different hypotheses. No one theory has yet succeeded in formulating 
an adequate explanation for the origin of australite glass and the processes 
responsible for fashioning it into the shape types found throughout Southern 
Australia and Tasmania. 

Theories put forward during the latter half of the nineteenth and earlier 
part of the twentieth centuries, have called upon artificial, natural terrestrial 
and extraterrestrial sources, and still the problem remains incompletely solved. 
Most earlier theories have been disearded as untenable. Among those re- 
ceiving favorable consideration, theories relating to an extraterrestrial origin 
have most to offer in attempting to unravel the mystery of australite forma- 
tion. An extraterrestrial source for australites is the most adequate for pro- 
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viding explanations of their original shapes, sculpture patterns, internal 
structures and other features, such as distribution, etc. 

A theory that ultimate secondary shapes were produced by the action of 
aerodynamical phenomena during high speeds of flight is herewith advanced 
in the belief that it is the most logical and most acceptable, and that it lends 
strong support to the hypothesis of an extraterrestrial origin for Australian 
tektite glass. This discussion of the effects of aerodynamical phenomena on 
australites must of necessity be qualitative, since the aerodynamicists have not 
yet formulated the answers to all the problems involved. 

If australites represent forms of extraterrestrial silicate glass that were 
already solid on reaching the earth’s atmosphere at cosmic velocities the 
question arises whether they traversed the atmosphere with or without a spin- 
ning trajectory. 

Up to now, most theories relating to the mode of generation of the shapes 
of australites (e.g. Walcott. 1898: Fenner, 1934) have favored rotation normal 
to the direction of propagation through the atmosphere. 

The new theory presented herein, does not require rotary motion during 
atmospheric flight. The evidence from studies of the shapes, structures, sculp- 
ture, internal and external flow patterns (“schlieren”, etc.) of some 2,000 
well-preserved australites (Baker, 1944: 1955a; 1955b; 1956), completely 
militates against theories invoking rotation through the earth’s atmosphere. 
The greater proportion (approximately 80 percent) of australites were 
originally primary spheres or oblate spheroids close to spheres, ( Baker, 1955; 
1956) formed by rapid fusion followed by rapid cooling. Spheres require no- 
rotation for their formation, and there is no reason to suppose that australite 
spheres rotated on entering or traversing the atmosphere. The remaining 20 
percent of australite shape types were obviously originally forms of revolu- 
tion, but the important point is that they were produced as such at their extra- 
terrestrial birthplace. As pre-formed shapes, they also became modified with- 
out rotation playing any part during the atmospheric phase of earthward 
flight. 

Opinions have sharply differed concerning whether tektites could become 
completely liquid during atmospheric transit. Grant (1909) calculated that if 
only | percent of the energy possessed by meteors entering the atmosphere at 
KM) miles/sec, was converted into heat by air friction, and this was retained by 
the body, it would be sufficient to raise the substance of an australite to its 
melting temperature (1,321°C), and render it completely liquid. On the other 
hand, it has been calculated that the amount of heat generated by the rapid 
passage of small bodies of glass through the atmosphere, taken in conjunction 
with conductivity of the glass, would be insufficient to melt them to the extent 
that tektites were melted prior to their arrival on earth (cf. Watson, 1935; 
Opik, 1937; Spencer, 1937). 


THEORY OF AUSTRALITE SHAPE AND SCULPTURE FORMATION 
UNDER THE CONTROL EXERTED BY AERODYNAMICAL PHENOMENA 


In view of the foregoing remarks, it becomes necessary to accept as a 
starting point: 


' 
i 
i 
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a) the evidence indicating that australites entered the final phase of 
earthward flight—the atmospheric phase—as cold, non-rotating ob- 
jects of glass having pre-formed (primary) shapes, and 

b) the fact that if australites are in reality glass meteorites, then they 
traversed the earth’s atmosphere at very high speeds. 

The following observations and deductions are regarded as providing 

satisfactory arguments in favor of the above items. 

In possession of small primary shapes (spheres, spheroids, apioids and 
dumbbells), and a few accidental or aberrant shapes, each with a pre-deter- 
mined complex internal flow pattern (“schlieren”) in natural glass with slight 
inhomogeneities from limited miscibility in the original silicate melt, result- 
ing from very rapid fusion followed by equally rapid cooling, there arrived 
a time in the Recent epoch of the earth’s geological history, when a cloud of 
australites approached and was drawn into the earth’s sphere of attraction. 
The cluster was limited in size, as evidenced by the confinement of australites 
to Australia and Tasmania only. 

By analogy with meteorites, the speed of transit through the earth’s 
atmosphere was considerable at the onset. Some distance above the earth’s 
surface, the australite cloud was slowed down and thereafter its individual 
components fell to earth along parabolic paths. Even with the decreased rate 
of infall, the australites would have traversed the remaining distance to earth 
in seconds or very few minutes at most. During this short time, but at such 
high speeds, primary shapes were subjected to considerable front surface 
modification through heating by air friction. The motion involved during 
transit was one of forward propagation only, with no rotation whatsoever, 
although a few forms occasionally provide evidence of having developed a 
slight wobble due to buffeting at high speeds as a result of form drag. 

A short distance above the earth’s surface, the australites rapidly lost 
speed, and descended through the denser, lower layers of the atmosphere at 
such reduced speeds that they landed without being smashed to pieces on con- 
tacting hard ground, and probably without becoming too deeply buried on 
striking soft earth. 

At no time during the atmospheric phas of earthward flight had austra- 
lites become completely fluid throughout, hence there was no flattening pos- 
sible, as has been previously suggested, of any of the forms on impact with 
the ground. 

Throughout the zone of the atmosphere where secondary modification 
took place, the australites were travelling at ultra-supersonic speeds. Under 
the terms of gas dynamics at such high speed flow, the effects of airflow over 
their front surfaces played the dominant role in determining their ultimate 
modified shapes, structures and sculpture patterns. Secondary thin film fusion 
arose from the heat generated by intensive friction with the atmosphere. It is 
apparent that during the formative stages of secondary shape development, 
the nature of the airflow over and past the forwardly directed surface of each 
australite, was undoubtedly maintained as a steady flow while ultra-supersonic 
speeds prevailed, but must have changed considerably with the decreased 
speeds of earthward approach when much nearer the earth’s surface. 


372 George Baker—The Role of Aerodynamical Phenomena 


In experiments relating to fluidal flow past bodies, fluids are made to 
flow at varying speeds around the bodies, because it has so far proved more 
practicable to produce and note the effects of flow in moving fluid, the velocity 
of which can be more readily controlled. With australites, it is required to 
know the effects of the external streaming of the fluid medium (air) upon the 
fast-moving objects themselves. Since they are small bodies that travelled at 
such high speeds through the atmosphere, great stream velocities were gen- 
erated, and boundary layers in the fluid medium (air) would of necessity be 
thin layers. Within these layers, all frictional effects between the front surfaces 
of the australites and the atmosphere took place, and considerable tempera- 
ture rises resulted. 

Density and temperature variations in the earth’s atmospheric envelope, 
throughout the secondary shape formative zone in particular, would have had 
but very minor effects, if any, on the ultimate character of the newly forming 
front surfaces of the australites, because of the high speeds of transit. Any 
very minor density variations existing in the tektite glass itself, are far too 
insignificant to have effected the issue in any way. The coefficient of thermal 
conductivity of the glass being low (between 0.002 and 0.0005 cal/em/°C), 
the rate of heat transference from the front surface inwards would be of 
negligible account—the temperature gradient is very steep—so that no heat 
was conducted through the body of australite glass to the rear surface. More- 
over, since the australites traversed the atmosphere so rapidly, there would 
be insufficient time for frictional heat to raise the interior portions and the 
rear surface to a temperature (1,324°C) at which a completely molten state 
could arise. It becomes apparent from studies of their internal flow patterns 
(Baker, 1944; 1955; 1956) that during the atmospheric phase of flight, the 
front surfaces were subjected to superficial melting only, at any particular 
instant. Such melted films did not exceed 0.01 mm in thickness at any one 
time, under the influence of frictional heat (cf. Dodwell’s calculations (in 
Fenner, 1938) ) based on Opik’s (1937) work on the mechanics of meteor 
phenomena). 

The different character of the rear surfaces of australites, taken in con- 
junction with the low rate of heat transference, and the fact that regions of 
“dead air” with low temperatures and pressures developed immediately be- 
hind fast-moving objects (see fig. 1), lead to the conclusion that these rear 
surfaces remained at low temperatures throughout atmospheric flight, and 
were in no way ablated. 


SHAPE ORIGIN OF BUTTON, LENS AND ROUND-CORE FORMS OF AUSTRALITES 
FROM PRIMARY SPHERES 


On the most common of the primary australite forms (spheres), pressure 
would have been greatest at the front pole, least at the rear during fall to 
earth. In the initial stages, frictional forces would have been negligible or 
non-operative at the poles of the sphere, greatest at the periphery (i.e. equa- 
torial regions). They would have been operative to varying degrees between 
the front polar and the equatorial regions, but absent at the rear pole during 
susteined steady flight. The effects of frictional forces were thus confined to 
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front surfaces, where they varied somewhat with various arcs of curvature of 
individual spheres having different radii of curvature, the range of which was 
limited from 2 mm up to 50 mm. 


SHOCK : ZONE OF 
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Fig. 1. Diagrammatic concept of the probable form and nature of shock waves and 
turbulent zones created by a primary sphere of australite glass with pre-determined com- 
plex internal flow-line pattern, travelling earthwards in its initial stages of atmospheric 
flight at ultra-supersonic velocity. 
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A combination of these pressure and frictional effects on the different 
sized spheres created an optimum condition of heat stability for each; the 
degree of viscosity attained by the heated front film was controlled by the 
temperature developed from frictional resistance of the atmosphere during 
flight, and hence by the velocity of fall of australites. 

Travelling at ultra-supersonic speeds through the “formative zone” of 
the atmosphere, certain aerodynamical factors operated upon the front sur- 
faces of the initial primary forms, to produce the modified shapes now pos- 
sessed by australites. 

Since the australites would have had high Mach Numbers‘ of approxi- 
mately 20 to 25 at a height of some 70 to 80 miles above the earth’s surface, 
a state of disturbance of a permanent type was set up in shock waves produced 
in the air piled up ahead of each form. The shock waves (cf. Durand, 1935) 
are regarded as sheets where there is a discontinuity of velocity, i.e. they are 
places where rate of change in velocity and density of the fluid medium (air) 
become infinite. These shock waves travelled ahead of the fast-moving austra- 
lites producing them, at the same speed and in the same direction. 

The frontal shock wave had an are of curvature little different from that 
of the front surface of the australite, and its radius of curvature was but 
slightly greater. At all other points, such as at the equator of the sphere of 
australite glass and from any irregularities existing between the front pole 
and the equatorial regions, subsidiary shock waves moved obliquely to the 
direction of air flow (see fig. 1). 

The shock wave was actually a narrow, almost hemispherical zone of 
intense compression where greatly increased temperatures arose. Thus, any air 
that flowed over the front surface of the primary australite sphere, did so only 
after penetrating the narrow arcuate region of the frontal shock wave. In the 
broader zone behind the frontal shock wave and ahead of the front surface of 
the sphere of australite glass, the air expanded to some extent, but high pres- 
sures and consequently high temperatures persisted. Due to the viscosity and 
conductivity of the air in the expansion zone, the mechanical energy produced 
at ultra-supersonic speeds, was converted into heat. While sufficiently high 
speeds prevailed, a cap of highly heated compressed air thus travelled ahead 
of each australite. 

During the initial stages of the processes promoting the development of 
the ultimate secondary shapes of australites, this cap of hot, compressed air 
supplied the temperature rise necessary to induce superficial sheet fusion of 
thin films of the tektite glass on the front surfaces, more especially at this 
stage in the immediate polar regions. Here, pressure effects were at their 
greatest and effectively removed the fused film as soon as it formed—partly 
by fusion stripping, partly as a result of accompanying ablation which in- 
volved liquefaction followed by some vaporisation and immediate removal 
from the heated surface sheet. With the generation of another fused film at 
the next exposed level, and the progress of further fusion stripping and abla- 
* The Mach Number (M) is the ratio of the speed of supersonic flow to the speed of 


sound, so that if M 1.0, the speed of supersonic flow equals the speed of sound (760 
m.p.h at the standard sea level temperature of 15°C), 
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tion, the arc of curvature of the front surface of the sphere was modified, 
becoming less steep, so that its radius of curvature increased in value; the 
front polar regions migrated rearwards and a rim was formed separating two 
now distinct surfaces—the back and the front surfaces. At this stage, the rim 
was merely a relatively sharp line of demarkation between the two surfaces 
with their now different arcs of curvature. 

The part played by the equatorial skirt of subsidiary shock waves (see 
fiz. 1), would not be expected to be of significant importance at this stage. In 
these subsidiary shock waves, compression, although high, would not be as 
intense as in the frontal shock wave, and they would be arranged very ob- 
liquely backwards and somewhat detached from the now slightly modified 
sphere, because of thickening of the boundary layer of air in these regions 
as induced by the primary australites having such a high Mach Number. Such 
subsidiary shock waves, however, could have had marked effects in subse- 
quent fusion plucking around the equatorial regions of the larger forms of 
australites—they could have been responsible for the generation of such 
secondary shapes as are possessed by the core-like australites, which are 
forms that seldom developed, or if developed, rarely retained flanges through- 
out the later stages of earthward flight, but which usually, though not uni- 
versally, possess characteristic flaked equatorial zones not to be entirely 
ascribed to subsequent tertiary processes of weathering. 

While ablation of the front surface proceeded, turbulence was created 
behind the fast-moving sphere, arising where the main airflow separated from 
the equatorial regions. This arose from the action of reverse, secondary re- 
verse, and tertiary laminar flow producing vorticity in the thin boundary 
layers of air in contact with the front surface. Within the thin boundary 
layers, arose all frictional effects between the outermost skin of the front 
surface of the australite and the innermost layer of the air through which it 
had its trajectory. Stresses produced in this layer of air gave rise to skin 
friction as a tangential component. Stresses produced in the positions where 
turbulent flow was produced in the equatorial regions, gave rise to form drag 
(cf. Whitlock, 1943, chapter V). Within the zone of turbulence and situated 
behind the rear surface of each fast-moving australite sphere undergoing 
modification, a cone of virtually “dead air” (see fig. 1), ensured maintenance 
of the rear surface at temperatures below the fusion temperature of australite 
glass. Thus, such of the rear surface that remained after the reduction of the 
original sphere, was unaltered throughout flight, and is left as testimony to 
the arc of curvature of the original sphere; from it, the radius of the primary 
sphere can be determined by reconstruction (Baker, 1955: 1956). Moreover, 
the remnant portion of the rear surface provides evidence of the originally 
bubble-pitted and flow-swirled character of the sculpture pattern of the pri- 
mary spheres of glass of extraterrestrial origin. 

Continued removal of the front surface films by ablation, reduced the 
front surfaces of the australite spheres to different extents, as evidenced by 
studies of curvature—size relationships of the ultimate secondary shapes 
(Baker, 1955a; 1956). The larger of the spheres (25 to 50 mm across) had 
become modified to form the normally flangeless core-like types in which 
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equatorial plucking was dominant. In them, the subsidiary equatorial shock 
waves provided the necessary temperature rise, while the effects of the separa- 
tion of the main airflow became important in shaping the flaked equatorial 
zone, for in the equatorial regions occurred the transition zone in which 
laminar flow in the thin boundary layers ended, and turbulence supervened. 

The medium size spheres were progressively reduced in bulk all over 
their front surfaces, and at a stage when approximately 60 to 65 percent of 
the original sphere had been ablated, the front pole had passed beyond the 
position of the original centre of the primary sphere, the arc of curvature of 
the front surface had become considerably flatter with an attendant increase 
in radius of curvature, and the equatorial edge of the form had progressively 
receded (in the form of a rim) beyond the position of the original equatorial 
zone of the primary sphere. As a consequence, the frontal shock wave became 
less oblique to the airstream than the original shock wave ahead of the pri- 
mary spherical form. Pressures are greater in less oblique shock waves, so 
that increased drag would be expected along the secondarily developing front 
surface. 

Throughout these alterations in the shape and character of the front sur- 
face, the radius of curvature of the rear surface remained unchanged, so that 
the arc of curvature of the rear surface was preserved in character although 
not in amount, for a stage was now reached where the rim of the form had 
migrated rearwards to such an extent that only some 30 to 50 percent of the 
original hemispherical rear surface remained. As the modified form ap- 
proached the closing phases of its period of ultra-supersonic flight, a situation 
was reached when glass from the front surface was not entirely whipped away 
under the influence of skin friction or by turbulent friction in equatorial 
regions. A condition had been created favorable to flange building, for now 
equatorial regions (peripheral edge) of the rear surface were less steeply 
sloping than when the rim was situated in positions agreeing with the equa- 
torial regions of the primary sphere. Moreover, they now slope away from the 
airstream compared with a slope into the airstream when the rim was migrat- 
ing from the original front polar regions of the primary sphere towards its 
original equatorial regions. Under the new conditions, therefore, a more 
stable position is available for the retention and accumulation of such melted 
glass as reached the edge of the new shape, although some was still no doubt 
lost in the turbulent airstream. 

Some of the glass migrating rapidly under pressure from the polar 
regions of the newly created shape, was, in the fused state, stretched back- 
wards in the airstream on reaching the equatorial regions. It was immediately 
caught up in eddy currents associated with the turbulent zone (see fig. 3), 
and a proportion (7 percent of the bulk of the original sphere) became in- 
rolled towards the equatorial edge of the rear surface, without spreading out 
(in the majority of forms) for very far over that surface. There it chilled and 
was moulded into a circumferential flange composed of secondarily fused 
glass with plane spiral coiling of the internal flow structures (fig. 2). Contor- 
tion of some of the flow structures resulted from the jamming effects pro- 
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duced by warmer glass being forced against cooler glass in the developing 
flange. 


Fig. 2. Enlarged photographs (x20) of thin sections of flanges from button-shaped 
australites, Showing spirally coiled flow lines contorted in “chin” region and flow lines 
near anterior surface truncated in the trough structures between ridges. Both specimens 
from Port Campbell, Victoria. 


As an outcome of the turbulence in the separating main airstream, there 
thus arose a newly created feature in the secondary australite shape, a feature 
delimiting the newly formed front surface from the remnant portions of the 
primary rear surface. In the uncoiled state, it is found by measurement along 
a prominent flow line that the glass of the flange would have been stretched 
back from the equatorial edge of the secondary shape for a distance equal to 
three times the present distance across the plane spiral structure, before the 
process of inrolling occurred. Inrolling was evenly developed all around the 
circumference of the secondary shape, as evidenced from the examination of 
a series of radial thin sections cut along the direction of the polar axis of 
flanged, button-shaped australites. 

Approaching the final phases of high speed flight through the earth’s at- 
mosphere, the velocity of the newly shaped australite considerably declined. 
Much lower supersonic speeds prevailed, and the passage through transonic 
into subsonic phases was close at hand. Small amounts of drag were exper- 
ienced by the front surface at this stage, with resultant whipping away of thin 
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films of somewhat softened glass from certain areas, thus producing the 
“troughs” separated by the “ridges” which are so typical of the front surfaces 
of well-preserved button-shaped australites. This final, smaller-scale sculptur- 
ing effect is best evident from thin section studies (Baker, 1944), which reveal 
that the trough structures cut across the last-developed secondary flow line 
structures revealed immediately below the front surface (see fig. 2). These 
effects were rather more pronounced nearer the equatorial edges of the second- 
ary form, more particularly on the front surfaces of the flange structures, for 
here the frictional forces created by the separation of boundary layer flow into 
the main airstream, were still operative to a lesser degree in the final phases 
of supersonic flight. Such forces were responsible for the complex “wrinkling” 
effects shown by the ridges on anterior surfaces of flanges near their equa- 
torial edges. 

At this stage of secondary shape development, aerodynamical flow 
phenomena had become far less effective in removing fused glass from front 
surfaces; temperatures were evidently not nearly as high as at earlier stages, 
and the work of the aerodynamical flow phenomena was largely confined to 
putting the finishing touches to the sculpture features. The equatorial skirt of 
subsidiary shock waves possessed by the original sphere at the onset of con- 
flict with the atmosphere, had now been replaced by less oblique subsidiary 
shock waves attached to the small projections provided by the ridge structures 
on the front surface (fig. 3). 

Behind each of the subsidiary shock waves attached to the ridges, existed 
narrow zones of expansion where it was possible for the trough-like structures 
to be partially scoured out during the very limited time of existence of such 
subsidiary shock waves. It is not yet clear what the nature of the aerody- 
namical flow phenomena would have been when considered in terms of the 
fact that ridges and troughs are concentrically arranged on some front sur- 
faces, while on others, they are spirally arranged in sometimes clockwise, 
sometimes anti-clockwise fashion ( Baker. 1956). 

On passing from the supersonic through the transonic into subsonic 
phases of earthward flight. some of the flanged button-shaped australites evi- 
dently lost their flanges, more particularly those with less stable planes of 
union between flange and central body portion which had been subjected to 
rather more extensive scouring out of glass from trough regions neighboring 
the planes of union (see fig. 2). Such a process yielded the relatively common 
non-flanged. lens-shaped australites which are fundamentally identical with 
the central body portions of the flanged button-shaped australites. 


SHAPE ORIGIN OF THE ELONGATED FORMS OF AUSTRALITES 


The operation and effects of aerodynamical flow phenomena at ultra- 
supersonic speeds, followed by short-duration lesser supersonic and transonic 
speeds as outlined for the generation of secondary shapes from primary 
spheres, apply equally as well to the other known primary shapes of australite 
glass such as the ellipsoidal, dumbbell and apioidal primary forms. The gen- 
eral conditions, however, were possibly rather more complicated for dumb- 
bell-shaped forms which presented bi-polar front surfaces to the shock wave 
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Fig. 3. Radial section of button-shaped australite with circumferential flange, show- 
ing complex internal fiow pattern and relationship of the newly developed secondary 
shape to the surmised aerodynamical phenomena created during the end phases of super- 
sonic flight through the earth’s atmosphere. 


and boundary layer flow phenomena. Nevertheless, identical features such as 
(a) flanges with plane spiral inrolling structures, (b) ridges and (c) troughs 
intervening between the ridges, were developed on their front surfaces during 
the phase of atmospheric flight earthwards, in much the same way as on the 
button-shaped australites which were modified from primary spheres. More- 
over, the development of these features in comparable positions on the modi- 
fied elongated primary forms of australites, testifies to their stable positions 
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of flight through the atmosphere—nearly all travelled in such a position that 
their longer axes were maintained normal to the direction of earthward propa- 
gation. A very small number of types allied to the apioids, provide evidence 
of probably having fallen with their long axes parallel with the direction of 
earthward flight, such forms being of the “aerial-bomb” type. 

For all the australite shape types, therefore, shock waves were produced 
at high speeds of flight, and only in shock waves can a state of steady flow of 
a permanent type be set up in the medium through which they have their 
passage, when the motion of the objects is limited to one direction. Under 
such circumstarices, it becomes apparent that the australites in the earthward- 
falling cluster, behaved more or less in unison, each maintaining its own par- 
ticular path of flight through the atmosphere, without tumbling about or 
shooting in all directions. Rotation of the forms was entirely unnecessary 
about an axis parallel with the direction of flight, and there is evidence to in- 
dicate that rotation did not occur; the ultimate secondary shapes and their 
structures all find satisfactory explanation in terms of the effects of aerody- 
namical flow phenomena arising at high speeds of flight. 

Among experiments designed to emulate the secondary shapes possessed 
by australites, perhaps the most significant is one carried out by Dr. E. S. 
Hills some fifteen years or so ago. Small spheres of paraffin wax, when held 
under a controlled stream of hot water, developed shapes and structures 
simulating the shapes and structures of australites as they are found on the 
earth’s surface. No rotation was imparted to the small spheres, The conclu- 
sion is that any rotation that did occur during the history of australite forma- 
tion, was entirely pre-atmospheric phase, when the smaller percentage com- 
prised of ellipsoidal forms, dumbbells and apioids, were produced as the 
common figures of revolution at their source in some unknown extraterres- 
trial environment. The rare aberrant forms evidently arose by accident prior 
to entry into the earth’s atmosphere, for where not badly weathered subse- 
quently, some of them show evidence of having been subjected to similar 
treatment by high speed flow during rapid atmospheric flight, as for the more 
normal symmetrically shaped australites. 


SHAPE ORIGIN OF ROUND DISC-LIKE AND ELONGATED PLATE-LIKE AUSTRALITES 

The formation of the rare and special disc-like and elongated plate-like 
types of australites, which are small, thin forms (1.0 to 1.5 mm thick), and 
are usually flat or sometimes bowl-like, is difficult of interpretation under the 
terms of any of the theories of shape development so far propounded. They 
can be more readily envisaged as resulting from special circumstances of 
high speed flow, commencing with the very smallest primary forms present in 
the cloud of australites that entered and survived the effects of rapid traverse 
through the earth’s atmosphere. Thus the round discs derive from the smaller 
spheres, while the elongated plate-like forms were produced from the smallest 
spheroids of which we have evidence. 

Reduction of the smaller spheres by ablation and fusion stripping while 
moving at ultra-supersonic speeds through the atmosphere, under the control 
of the aerodynamical flow phenomena outlined above for other australite 
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shapes, yielded small, flanged button-shaped secondary forms in the first place. 
These had become reduced to a thickness of from 2 to 4 mm from spheres 
originally 4 to 10 mm across as determined from the radii of curvature of 
their remnant rear (primary) surfaces. Moreover, they possessed flanges 
which were more “flattened” compared with flanges on larger australites, and 
which constituted a greater bulk of each complete specimen than did the 
remnant body portions. 

During ultra-supersonic flight, it is but a stage further for sustained 
aerodynamical phenomena to reduce the smallest formed button-shaped ob- 
jects of australite glass to flat, round (in plan aspect) disc-shaped forms, 
which consist approximately of 90 percent broad, flat flange with internal flow 
lines coiled inwards in plane spiral fashion after the manner of flanges on 
larger australites. The remaining 10 percent of each of these flat forms con- 
sists of a minute body portion, and even this is wanting in some disc- and 
plate-like australites, which are thus fundamentally “flattened” flanges only. 

Some of the smallest of the original spheres existing on initial entry into 
the earth’s atmosphere, were probably completely consumed during ultra- 
supersonic flight, having been dissipated by the processes of abijation and 
fusion stripping. for ablation depends essentially upon the size of the surface, 
and with diminishing volume, the relative size of the surface increases—in a 
somewhat similar, but not identical way, raindrops that reach the earth’s 
surface, have a certain minimum size. For these reasons, australites of micro- 
scopic dimensions are unknown. 

During formation of the small disc- and plate-like forms of australites, it 
is evident that as the small primary spheres became smaller and “flattened” 
by ablation, the nature of the airflow at ultra-supersonic speeds changed con- 
siderably, and rather more special aerodynamical conditions than hitherto, 
were created at a certain stage. The major difference concerns the nature of 
the frontal shock wave and the consequent pressure forces associated there- 
with. Whereas the frontal shock wave ahead of the larger forms of australites 
and ahead of the smaller primary spheres and spheroids, lay obliquely down 
the airstream, because of their arcuate, convex front surfaces, the shock wave 
ahead of an ablation-reduced, “flatter” disc- or plate-like secondary modifica- 
tion, would approach normality to the airstream. The shock wave would thus 
be parallel to and ahead of the gradually “flattening” front surface, and thus 
more or less normal to the direction of propagation of the object. The shock 
wave pattern therefore changed from a fundamentally oblique type to a 
normal type during the all-important formative stages of these special, small 
secondary shapes. In the oblique shock wave, pressures, which depend upon 
deflection, were seldom more than 50 percent of the pressures generated when 
perpendicular (i.e. normal to the airstream) shock waves formed ahead of the 
“flattened” secondary forms, which presented a perpendicular reflecting sur- 
face to airflow. 

“Flattening” of thinned, softened small forms occurred near the final 
phases of atmospheric flight, when the effects of supersonic speeds were 
diminishing and the transonic region was nearly reached. Frontal shock 
waves were then perpendicular, and pressures consequently up to 50 percent 


382 George Baker—The Role of Aerodynamical Phenomena 


greater than hitherto, causing increased drag on the front surface. The thin- 
nest forms (1.0 mm) were sufficiently softened to result in bending backward 
into bowl-shaped forms. 

Since the bowl-like forms have small (5 to 6 mm) front surface radii of 
curvature, oblique frontal shock waves were re-established and pressures thus 
much reduced for the final stages of supersonic flight. After passing through 
the transonic region, these thin, disc-, plate- and bowl-like forms of secondary 
shapes. were no longer heated by frictional resistance at any point, and as 
cold, no further modified fragile bodies, they traversed the subsonic region to 
reach the ground undamaged. They are so light and thin that they were evi- 
dently wafted down through the lower, denser layers of earth atmosphere, and 
gently deposited upon the ground. Only in this way can the exceptionally 
well-preserved disc- and plate-like forms have escaped breakage, and thus ac- 
count for the preservation of such lightweight forms as the smallest known 
complete australite—an oval, plate-like form of 1.0 mm thickness, weighing 
only 0.0615 grams, from the Port Campbell strewnfield, S. W. Victoria. 

Since such forms are symmetrical and reveal no signs of damage on land- 
ing, it canot be accepted that they resulted from the flattening of plastic glass 
on impact with the ground, as advocated by some earlier theories. 


SHAPE ORIGIN OF HOLLOW AUSTRALITES 

The original shapes of the rare hollow australites were formed at some 
extraterrestrial source in company with the original forms from which the 
other shape groups of australites were produced. The presence within them of 
large internal cavities, had no influence on their external configuration. 

Preservation of some hollow forms as complete entities throughout the 
process of frontal ablation during high speed earthward flight, demands the 
original development of primary hollow forms (most of which were spheres) 
possessing an eccentrically disposed internal cavity, so arranged within, that 
the walls of australite glass were thicker at one pole than at the other. 

All the known hollow australites provide evidence that the stable position 
during earthward flight, was one in which the thickest wall was at the front. 
Those with sufficiently thick front surfaces, withstood ablation to the same 
extent as some of the larger of the solid australites. Similar sculpture features 
were produced upon their front surfaces, and a few examples developed small 
flange structures (Baker, 1956). In some, the front walls collapsed because 
they were thinner or were subjected to rather more ablation. Such examples 
sometimes reveal inrolled edges on remnant portions of the collapsed walls 
and sometimes show signs of minor secondary flowage of glass over the col- 
lapsed edges for short distances on to the typically smooth, “hot-polished” 
walls of the internal cavity. 


CONCLUSIONS 

This newly advanced “Aerodynamical Control Theory” of australite 
shape development, is not only capable of explaining satisfactorily all the 
characteristic shapes of secondary origin attained by flanged and non-flanged 
australites, but it also supplies a means for logical explanation of (a) plane 
spirally coiled circumferential flange structures, (b) relationships between 
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the ares and radii of curvature of front and rear surfaces of forms of different 
original size (Baker, 1955a), (c) variations in specific gravity as between 
cores and flanges of australites (Baker, 1956), (d) the rare colour banding in 
some flanges and its absence from central body portions (Baker, 1956), (e) 
the existence of occasional etch pits but no true bubble pits on the front sur- 
faces of australites (Baker, 1956), and (f) the nature of such sculpture 
features as ridges, troughs and radial flow lines on front surfaces. 

The theory thus provides reasons for the existence of two such sharply 
contrasted surfaces on australites—front surfaces which are virtually free of 
bubble pits and flow swirls, but which possess such features as ridges, troughs, 
radial flow lines and occasional etch pits, features which clearly distinguish 
them from rear surfaces ( in well-preserved specimens). and which are of 
secondary origin. Rear surfaces only possess such initially developed sculp- 
tural elements as bubble pits (caused by escaping gas) and flow swirls (caused 
by flow streaming at the surface of primary shapes, and confined to much less 
bubble-pitted areas); they represent remnants of primary shapes possessing 
limited original sculptural elements, produced in an extraterrestrial birth- 
place. 
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PLEISTOCENE SEQUENCE IN SOUTHEASTERN PART 
OF THE PUGET SOUND LOWLAND, WASHINGTON* 


D. R. CRANDELL, D. R. MULLINEAUX, and H. H. WALDRON 


ABSTRACT. A restudy of Pleistocene deposits in the southeastern part of the Puget 
Sound lowland has resulted in a refinement and expansion of the sequence originally 
described by Willis in 1898. Willis’ sequence of two glaciations (Admiralty and Vashon) 
and a single interglacial interval (Puyallup) is replaced by four glaciations separated by 
nonglacial intervals during which the climate approached or attained conditions like 
those of the present. The stratigraphic section now recognized consists of the Orting 
drift (oldest), Alderton formation (nonglacial), Stuck drift, Puyallup formation (non- 
glacial), Salmon Springs drift and Vashon drift, An erosion interval between the Salmon 
Springs and Vashon drifts is thought to represent the third nonglacial interval, The name 
Admiralty is not used in this paper because the stratigraphic position of the drift as- 
signed to this glaciation by Willis appears to be equivocal in the sequence now recog- 
nized. 


INTRODUCTION 

The Pleistocene stratigraphic section established in the Puget Sound low- 
land by the pioneer work of Willis (1898) and Willis and Smith (1899) has 
remained essentially unchanged since these men mapped the Tacoma 30- 
minute quadrangle and described deposits of two Pleistocene glaciations and 
one interglacial interval. It has been recognized that one or more additional 
Pleistocene stages are represented in the lowland (Hansen and Mackin, 1949), 
but the relationship of these to Willis’ sequence has been uncertain. The 
writers are presently engaged in remapping eleven 714-minute quadrangles 
that form part of the Tacoma 30-minute quadrangle and thus have had an 
opportunity to study Pleistocene stratigraphy in an area which includes several 
sections designated by Willis as typical of certain formations. The restudy of 
these formations supplemented with pollen analysis of non-glacial sediments 
has resulted in some new interpretations of genesis and of geologic history 
(Mullineaux, Crandell, and Waldron, 1957). 

Carbon-14 dates on wood and peat samples were provided by Meyer 
Rubin, geologist-in-charge of the U. S. Geological Survey radiocarbon labora- 
tory. X-ray determinations of clay minerals were made in the laboratories of 
the Geological Survey under the supervision of A. J. Gude, III. 

The term nonglacial is used here to describe climatic environments 
closely similar to those of today in the southeastern part of the Puget Sound 
lowland. The term interglacial is not used because of its connotation of an 
interval comparable in duration to a Pleistocene stage (age). It may well be 
that most or all of the nonglacial intervals described in this paper are of stage 
(age) rank, but conclusive proof is not yet available. 

PLEISTOCENE SUCCESSION 

The Pleistocene deposits of the southeastern part of the Puget Sound 
lowland record at least four glaciations separated by nonglacial intervals. The 
sequence of glaciations and nonglacial intervals, named for the formations on 
which they are based, is as follows: 


* Publication authorized by the Director, U. S. Geological Survey. 
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Vashon glaciation 
Erosion interval (nonglacial interval) 
Salmon Springs glaciation 
Puyallup nonglacial interval 
Stuck glaciation 
Alderton nonglacial interval 
Orting glaciation (oldest) 

The physical evidence upon which this sequence is based is contained 
principally in exposures along the valley walls of the Puyallup River in the 
vicinity and south of Sumner, Wash. (fig. 1). Some of the most important of 
these exposures are described in subsequent sections of this paper. In these 
descriptions, certain sediments are characterized as having a northern, a 
Cascade, or a Mt. Rainier provenance. Sediments of northern provenance are 
characterized by igneous and regionally metamorphosed rocks derived chiefly 
from the Coast Range of British Columbia or the northern part of the Cascade 
Range of Washington. Sediments of Mt. Rainier provenance are dominated by 
rocks and minerals derived from the distinctive hypersthene andesite lavas 
and pyroclastic rocks of Mt. Rainier, and sediments of Cascade provenance 
are dominated by rocks and minerals derived chiefly from the Keechelus 
andesitic series of Oligocene and Miocene age, which comprises most of that 
part of the Cascade Range drained by streams that flow into the Puyallup- 
Duwamish valley. 

Despite the fact that the glaciers originated in the north, Cascade rock 
types predominate in glacial sediments in the southeastern part of the lowland; 
both till and outwash of these glaciers commonly have 15 percent or less of 
northern stones in them. The predominance of Cascade rock types apparently 
is due to incorporating by the glaciers of large quantities of locally derived 
stream alluvium. 


PALEOCLIMATIC INTERPRETATIONS 


Hansen and Mackin (1949, p. 834-835) pointed out that subdivision of 
pre-Vashon glacial drift sheets in the central part of the Puget Sound basin 
is generally complicated by the absence of weathering profiles that might have 
been formed during interglacials, and that there “has been a lack of evidence 
as ... to whether a given sedimentary unit was deposited in immediate prox- 
imity to glaciers, or during a period of advance or retreat, or during a warm 
interglacial.” These writers went on to demonstrate that pollen analysis of 
pre-Vashon peats and peaty clays interbedded with drift sheets could be used 
to construct a sequence of glacial and interglacial climates. 

A similar approach has been adopted by the present writers; pollen pro- 
files collected by them and by Estella B. Leopold of the Geological Survey 
have been studied by Miss Leopold who has suggested the interpretation of 
nonglacial climates presented here. These paleoclimatic interpretations are 
based on comparison of tree pollen from the nonglacial deposits with pollen 
counts from the uppermost deposits in modern bogs at various altitudes on 
the west slope of the Cascade Range (Hansen, 1947). Thus, for example, a 
fossil pollen record of a forest assemblage comparable to that existing today 
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Fig. 1. Location map of southeastern part of Puget Sound lowland. 
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above an altitude of 5,000 feet in the Cascade Range, where the climate is 
cool and moist, is used to infer comparably cool and moist conditions in the 
Puget Sound lowland at the time the pollen-bearing sediments were deposited. 

The Puget Sound lowland and the west slope of the Cascades fall into 
four main vegetational zones, three of which are of concern here: Humid 
Transition, Canadian, and Hudsonian. The Humid Transition zone lies below 
1,500 feet and includes most of the Puget Sound lowland proper. The arboreal 
pollen fall-out in this zone is dominated by Douglas fir (Pseudotsuga taxifolia) 
and lowland hemlock (Tsuga heterophylla). The average annual precipitation 
at Puyallup at an altitude of about 50 feet is 38.27 inches and the average 
July temperature 63.6°F. (Anderson, Ness, and Anderson, 1955, p. 6). The 
average annual precipitation at Buckley at an altitude of 726 feet is 47.01 
inches and the average July temperature 63.2°F. (U. S. Department of Agri- 
culture, 1941, p. 1172). The Canadian vegetation zone extends from about 
1,500 to 5,000 feet. The distinctive trees of the lower part of this zone are low- 
land hemlock and mountain hemlock (Tsuga mertensiana) ; the upper part of 
the zone is characterized by a predominance of Englemann spruce (Picea 
englemanni), alpine fir, and Cascade fir. Average precipitation at Longmire 
(altitude 2,761 feet) in Mt. Rainier National Park is 76.91 inches, (Anderson, 
Ness and Anderson, 1955, p. 5) and the average July temperature 60.3°F. 
(U. S. Department of Agriculture, 1941, p. 1172). The Hudsonian vegetation 
zone extends from about 5,000 feet to 7,000 feet and is characterized by a 
predominance of “white-barked” pine. The average annual precipitation at 
Paradise Inn in Mt. Rainier National Park at an altitude of 5,557 feet is 99.35 
inches and the average July temperature 51.7°F. (U. S. Department of Agri- 
culture, 1941, p. 1172). 


ORTING DRIFT 

The oldest Pleistocene sediments recognized in the southeastern part of 
the Puget Sound lowland include the Orting gravels of Willis (1898). Willis 
thought the Orting gravels were deposited during a time characterized by re- 
cession of a glacier from the Puget Sound lowland and by a warming climate. 
The presence of till sheets in the gravels, however, indicates that the Orting 
gravels of Willis are more probably proglacial outwash. Accordingly, the name 
Orting drift here replaces the Orting gravels of Willis, which are but one 
facies of a more diverse assemblage of glacial sediments. 

Willis (1898, p. 158) designated as the type section of the Orting gravels 
an exposure on the “East side of the Puyallup valley at Orting; section ob- 
served along the road grade.” His description of the Orting at this locality is 
140 feet of “Coarse gravels, boulders, gravel, and sand, orange colored, 
heterogeneously mingled, firmly cemented, granite boulders occasionally de- 
composed.” Overlying the gravel, according to Willis, is 200 feet of sand with 
a few layers of gravel, which is, in turn, overlain by Vashon drift consisting 
principally of gravel. 

The section designated as typical of the Orting gravels by Willis has been 
restudied and is redescribed below. 
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MEASURED SECTION A 


Location: SEY4SE%4 sec. 29. T. 19 N., R. 5 E.,; section measured along county 
road on east valley wall of Carbon River at Orting by D. R. Crandell in 
August, 1956. 
Feet 
Vashon drift 
3. Medium to coarse sand with local lenses and beds of fine pebble gravel 
More than 
2. Till, unoxidized More than 
Orting drift 
1. Sand and pebble to cobble gravel with scattered small boulders, local lenses 
of medium and coarse sand and openwork gravel. Overall color of forma- 
tion is light yellowish brown; individual stones have coatings of yellowish 
brown iron oxides, Granitic stones crumble when struck by pick. Prevailing 
lithology is andesite probably derived from Keechelus andesitic series and 
Snoqualmie(?) granodiorite, with less than one percent of northern rock 
More than 165 
(surface of Carbon River) 


The sand of unit 3 occurs as a veneer that extends upslope several hun- 


dred feet to and across kame terrace gravel of Vashon age, and is inferred to 
represent a near-shore deposit of a glacially dammed lake that occupied the 
Puyallup valley during the recession of the Vashon glacier. 

An additional section several hundred yards to the north of the section 
along the county road is given below because here the Orting drift includes a 
till sheet. 


MEASURED SECTION B 
Location: SEY4,NW1,4 sec. 29. T. 19 N., R. 5 E.; section measured in ravine 
by D. R. Crandell in August, 1956. 
Feet 
Vashon drift 
4. Unoxidized sand and pebble to boulder gravel enclosing, near base, lenticu- 
lar sheet of unoxidized till 1 to 15 feet thick More than 60 


Orting drift 
3. Pebble and cobble gravel in yellowish brown sand matrix with scattered 
small boulders; contains many stones that readily disintegrate under blow 
ofa pick 30-60 


Till, dark yellowish orange; coating of iron and manganese(?) oxides on 
stone surfaces and joints; stones weathered as in gravel 28 


Sand and gravel as in 3 above 70 
Total thickness of Orting drift 138 
(surface of Carbon River) 

The bulk of the Orting drift in the southern part of the Puyallup-Duwam- 
ish valley is oxidized sand and pebble to boulder gravel mainly of Cascade 
provenance, which locally may be as much as 250 feet thick. Till. a few feet 
to several tens of feet thick, is interbedded in the sand and gravel at several 
horizons; typically it is brown, very compact, and joint surfaces and pebbles 
in it commonly are coated with iron and manganese(?) oxides. The presence 
of till at more than one horizon in the drift suggests oscillation of a glacier 
margin. The absence of a major erosional break and a lack of sediments in- 
dicative of nonglacial environment within the drift, however, suggest that the 
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formation represents only one major glaciation of the lowland. Till in the 
formation has been recognized as far as 5 miles south of Orting in the Puyal- 
lup valley. This indicates that the glacier of Orting age reached what now is 
the Cascade Mountain front in this sector, but how far up into the mountains 
the glacier reached, or how much farther south down the Puget Sound low- 
land the glacier extended has not been determined. 

Tills of Orting age contain from 10 to 15 percent or more of northern 
rock types, and thus represent a glaciation of the Puget Sound lowland by a 
glacier from the north. Most of the gravel in the Orting, especially in the 
southern part of the Puyallup-Duwamish valley, however, contains less than 
one percent northern stones, and therefore is almost wholly of Cascade prov- 
enance. This rock-type distribution suggests that much of the gravel was de- 
posited by local streams originating in the Cascades to the southeast and it 
seems likely that these gravels are outwash from contemporary Cascade 
glaciers. 

The Orting drift overlies sedimentary and volcanic rocks of Tertiary age, 
which locally are deeply weathered. Nowhere in the lowland has a zone of 
deep and intense weathering been found in deposits known to be of Orting 
age, although the gravels of the formation typically are oxidized throughout 
and many of the component stones readily disintegrate under a gentle blow 
of a pick. It does not appear that the apparent absence of deep and intense 
weathering bears on the relative age of the Orting drift, inasmuch as some of 
the overlying formations locally are weathered. The Orting drift probably was 
buried by subsequent sedimentation soon after glacial retreat and thus pro- 
tected from subaerial weathering. It is not known whether the deep oxidation 
and softening of the stones in the Orting is due to subaerial weathering, or to 
weathering by ground water circulation, or to both of these processes. 

In the sections at Orting (measured sections A and B) the Orting drift is 
overlain by glacial deposits of Vashon age; the next younger Alderton forma- 
tion is not known to be present. Along the opposite side of the valley west of 
Orting, in the SEY sec. 25, T. 19 N., R. 4 E., 60 to 70 feet of sand and gravel 
of Cascade and northern provenance crop out up to an altitude of about 250 
feet beneath deposits correlated with the Alderton formation; this sand and 
gravel is thought to be correlative with the Orting drift on the east side of the 
valley. Near Alderton, the Alderton formation is underlain by more than 25 
feet of sand and gravel of northern origin; this drift proves the existence of a 
pre-Alderton glaciation and is thought to be the Orting drift. 


ALDERTON FORMATION 


The Alderton formation is typically exposed in the west wall of the 
Puyallup-Duwamish valley (measured section C) near the community of 
Alderton. Here the formation consists of alluvial and lacustrine sediments, 
peat, voleanic ash, and mudflows from Mt. Rainier. In this section the ex- 
posed thickness of the formation is 52 feet and its probable total thickness is 
more than 130 feet. The alluvial sediments range from sand to pebble and 
cobble gravel and are composed chiefly of andesite fragments of both Cascade 
and Mt. Rainier provenance. The lacustrine sediments are mostly silt and fine 
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to medium sand; volcanic ash occurs both as distinct layers and disseminated 
throughout the formation. 

Mudflows consisting predominantly of material derived from Mt. Rainier 
occur at several horizons in the formation; they range from less than 10 feet 
to several tens of feet thick and are lenticular in cross section. They are inter- 
stratified with alluvium and thus are inferred to have been deposited on the 
flood plains of valleys that had their headwaters at or very closely adjacent 
to Mt. Rainier. Some of the mudflows are nearly monolithologic; i. e., 85 per- 
cent or more of the stones consist of andesitic material derived from Mt. 
Rainier. 


MEASURED SECTION C 


Location: gullies under transmission line of Bonneville Power Administration 
in center sec. 1, T. 19 N., R. 4 E., about 0.5 mile southwest of Alderton, Wash. 
Section measured by writers in April, 1956. 


Feet 
Vashon drift 


19. Pebble and cobble gravel and sand, unoxidized More than 3 
Salmon Springs drift 


18. Pebble and cobble gravel in brown sand matrix with scattered boulders 
up to several feet in diameter and lenticular beds of sand; oxidized 
throughout 


Puyallup formation 


17. Mudflow deposit: coarse brownish gray sand and granule-sized deposit, 
contains scattered pebbles at base, grades upward into medium to very 
coarse brown sand with scattered granules. Uppermost 10 inches is kaolin- 
ized, No visible stratification 
Pebble, cobble, and boulder gravel in brown sand matrix; oxidized 


Mudflow deposit: angular to subrounded pebble, cobble, and boulder- 
sized fragments in very compact olive brown silty sand matrix; unsorted 
and unstratified .. 


Volcanic ash, pale yellow 
Fine to medium brownish gray sand and silt 


Interbedded sand and pebble, cobble gravel; cut and fill stratification; 
oxidized 


Medium to very coarse gray and purplish gray sand, with scattered gran- 
ules and pebbles of light gray andesite and thin lenses of sand-sized yellow 
pumice; compact; cross-bedded in part (includes Puyallup sands of 
Willis) 

0. Interbedded pinkish gray and gray fine sand, silt, and volcanic ash, 


grades upward into medium to coarse gray sand. Horizontally laminated, 
very compact 


Stuck drift 
9. Pebble and cobble gravel in brown sand matrix, oxidized 


8. Till: subangular to rounded pebbles and cobbles in grayish brown sandy 
silt matrix; very compact 


7. Pebble and cobble gravel in brown sand matrix with scattered boulders 
up to 4 feet in diameter; oxidized 


Thickness of Stuck drift 


23 
8 
15. 
21 
12. 
l 
70 
Thickness of Puyallup formation 134.5 
eC; 
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Alderton formation 


6. Gray and purplish gray silty fine sand; contains carbonized fragments 
of vegetation and a 15-inch layer of pale yellow volcanic ash near top. 
Horizontally laminated, very compact 


. Pebbles and granules of white pumice in pinkish gray ash matrix; un- 
stratified 


. Interbedded medium to coarse gray sand with beds of angular granule 
gravel; very compact 
3. Mudflow deposit: angular to subrounded pebble to cobble-sized rock frag- 
ments in gray sand matrix. Grades upward into pebble and granule-sized 
fragments in sand matrix; unsorted and unstratified; very compact 
. Medium to very coarse brownish gray sand; horizontally bedded 


1. Mudflow deposit: angular to subrounded pebble to boulder-sized rock 
fragments in reddish gray to grayish brown silty sand matrix; grades up- 
ward into pebble and granule-sized fragments. No sorting or stratifica- 
tion; very compact. Base not exposed More than 


Thickness of Alderton formation More than 


Slopewash, about 75 feet vertically down to level of Puyallup River floodplain at an allti- 
tude of about 100 feet. 


Climatic conditions that prevailed during deposition of the Alderton 
formation are inferred from pollen obtained from beds of peat and peaty silt 
in exposures along the valley wall 0.8 mile south of the measured section. 
These beds are 1.3 feet thick and are separated from the overlying Stuck 
drift by 20 feet of alluvial sand of Mt. Rainier provenance. The pollen in the 
lower half of the peat and peaty silt is dominated by Engelmann spruce (50- 


60 percent) and fir (15-20 percent) and is indicative of a climate similar to 
that which characterizes the upper part of the Canadian vegetation zone. The 
pollen assemblage in the upper half of the beds is dominated by Douglas fir 
(as much as 40 percent) and alder (as much as 50 percent). According to 
Miss Leopold, the pollen sample from this horizon is in every observable 
respect like modern pollen in the southeastern part of the Puget Sound low- 
land. 

The climatic record provided by pollen in the Alderton formation is ex- 
ceedingly fragmentary and is not necessarily representative of climatic condi- 
tions throughout the entire nonglacial interval between the Orting and Stuck 
glaciations. It is possible only to state that during at least part of this interval, 
the climate was comparable to that of the present in this part of the lowland. 

The Alderton formation is separated from the overlying Stuck drift by 
a small erosional unconformity; no evidence has been found of deep valley 
cutting during or after Alderton time and prior to the Stuck glaciation. 


STUCK DRIFT 
A second glaciation of the Puget Sound lowland is represented by the 
Stuck drift, which consists chiefly of till and sand and gravel of northern 
derivation. The formation is typically exposed in the west wall of the Puyal- 
lup-Duwamish valley near Alderton (measured section C), and the name 
Stuck is derived from the river of that name which joins the Puyallup River 
at Sumner. 


4 

8 
ll 
3 
24 
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Where typically exposed the formation includes an unoxidized or only 
slightly oxidized till sheet, 5 to 20 feet thick, which is overlain and underlain 
by oxidized sand and gravel, 10 to 20 feet thick. The sand and gravel is in- 
ferred to represent advance and recessional outwash deposited by meltwater 
from the Stuck glacier. In the pebble-sized fraction the till typically includes 
10 to 15 percent of northern rock types and the remainder is of Cascade 
origin. 

The upper part of the Stuck drift contains lacustrine sand and silt in the 
Puyallup valley near Sumner. Locally the lacustrine sediments include lentic- 
ular masses of glacial sand and gravel and scattered glacial boulders, and in 
places the beds are tilted and faulted. These features suggest that the fine 
sediments were deposited in an ice-contact glacial lake, which existed during 
withdrawal of the Stuck glacier when the glacier still blocked northward 
drainage. The volcanic ash-rich lacustrine sediments at the base of the Puyal- 
lup formation in measured section C may have been deposited in this same 
glacial lake. The absence of a weathering profile at the top of the Stuck drift 
possibly is explained by deposition of the Puyallup formation immediately 
upon withdrawal of the Stuck glacier without an intervening weathering or 
erosion interval. 


PUYALLUP FORMATION 


The Puyallup formation of this paper contains the Puyallup sands of 
Willis (1898), which are alluvial sands and granule gravels, as much as 70 
feet thick, almost wholly of Mt. Rainier provenance. This thick deposit of 
sand and gravel forms conspicuous outcrops along the west valley wall of the 
Puyallup River in the vicinity of Alderton, the area designated by Willis as 
that in which the Puyallup sands are typically exposed. Lateral tracing to the 
north and south, however, indicates that the sand is only a local facies of an 
even thicker and laterally more extensive deposit characterized by coarse and 
fine alluvium, lacustrine sediments, and mudflows, all of which are predomi- 
nantly of Mt. Rainier provenance. Because of the apparent genetic unity of 
these sediments, the Puyallup sands of Willis are here redefined to include the 
entire assemblage, and the name changed to Puyallup formation. 

The Puyallup formation very closely resembles the older Alderton forma- 
tion in lithology, types of deposits, and general distribution; both formations 
appear to represent times when floods of fragmental volcanic material were 
made available to lowland streams which headed on Mt. Rainier. The maxi- 
mum observed thickness of the Puyallup formation in the vicinity of Alderton 
is about 135 feet. 

Climatic conditions during deposition of the Puyallup formation are in- 
ferred from pollen obtained from beds of peat and fine-grained sediments at 
three localities. The first of these is on the west valley wall of the Puyallup 
River 0.8 mile south of measured section C where beds of silt and peat im- 
mediately overlie the Stuck till. Pollen from these beds is dominated by pine 
with small amounts of Engelmann spruce, suggestive of the forests of the 
Hudsonian vegetation zone. Because of the superposition of these silt and peat 
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beds on the Stuck till, the pollen probably records the cool and moist condi- 
tions of early postglacial time. 

A second pollen locality is about 1.1 mile north of measured section C 
along the same valley wall where three beds of peat occur at a straigraphic 
horizon between units 1] and 12 of the measured section. In the lowest of these 
peat beds pine is predominant, the middle bed shows a rise to prominence of 
Engelmann spruce and Abies, and in the upper peat bed, Abies replaces the 
other conifers. These pollen assemblages record a climatic warming and indi- 
cate in the warmest phase an environment similar to that of the upper 
Canadian vegetation zone. 

A third locality at which pollen was obtained is in sea-cliff exposures 
about 1 mile south of Des Moines. Here a succession, 50 feet thick, of silt, 
fine sand, and peat, which overlies a mudflow of Mt. Rainier derivation, is 
thought to occur in the upper part of the Puyallup formation, but inability to 
trace these beds into the beds of known Puyallup age in the Puyallup- 
Duwamish valley makes this correlation tentative. The basal beds of this se- 
quence contain as much as 25 percent each of Douglas fir, lowland hemlock, 
and alder; this composition closely resembles the modern pollen in the low- 
land except for small additional amounts of fir and pine which according to 
Miss Leopold, may be coastal fir and beach pine. Above this is an assemblage 
dominated by fir (Abies), with lesser amounts of Douglas fir, lowland and 
mountain hemlock, and alder. This zone is succeeded by an assemblage domi- 
nated by Engelmann spruce and pine, indicative of an upper Canadian or low- 
er Hudsonian vegetation zone forest. The sampled sequence is terminated by 
a vegetation phase which consists principally of pine and aspen, also sug- 
gestive of upper Canadian or Hudsonian zone climatic conditions. The highest 
beds sampled are about 25 feet below the top of the nonglacial sediments, thus 
it is not known whether the cooling sequence records the approaching end of 
the nonglacial interval or whether it is a climatic oscillation within the inter- 
val. The Puyallup formation in this exposure is truncated by an unconformity 
above which is a pre-Vashon till. 

In summary, the climate of Puyallup time recorded in the pollen-bearing 
sediments shows an initial warming trend from the cool and moist conditions 
of early postglacial time to one similar to that of today. The pollen record 
concludes with a reversal toward cooler and moister conditions; this may 
represent a major climatic fluctuation during Puyallup time rather than the 
beginning of another glacial age. 

Near Alderton the top of the Puyallup formation locally is weathered to 
a depth of about 10 inches. In this zone weathering has altered andesitic rock 
fragments to halloysite. This clay mineral is absent in the parent material. 
This alteration suggests that deposition of the Puyallup formation was fol- 
lowed by a period of weathering probably at least several times longer than 
the period ensuing between Vashon deglaciation and the present. 

In the west wall of the Puyallup valley the Puyallup formation thins from 
about 170 feet at measured section C to only 10 or 15 feet 1.4 mile to the 
north. This thinning apparently represents erosion that followed deposition of 
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the formation and preceded the next glaciation. The erosion also probably 
post-dates the creation of the weathered zone at the top of the formation. 


SALMON SPRINGS DRIFT 

In measured section C and at many other localities in the southern part 
of the Puyallup-Duwamish valley the Puyallup formation is overlain by pre- 
Vashon till and pebble to boulder gravel of northern provenance. In most 
places these sediments appear to represent a single glacial drift unit. In ex- 
posures near Sumner, however, the presence of nonglacial sediments between 
post-Puyallup glacial gravels indicates that two glaciations or two advances of 
a single major glaciation are represented (measured section D). The Salmon 
Springs drift is here defined as including both of these post-Puyallup—pre- 
Vashon glacial deposits. The name Salmon Springs is taken from the springs 
of that name in the vicinity of the section described below. At this locality 
the Salmon Springs drift is separated into upper and lower drift sheets by 4 
feet of peat and volcanic ash. The peat contains a pollen assemblage domi- 
nated by pine and fir (Abies); this assemblage represents a climate cooler 
and moister than that of the present at this locality. 

In the valley near Sumner, till is generally thin and discontinuous and 
the drift consists chiefly of glacial gravel. At one exposure in the vicinity of 
Salmon Springs a few feet of till is seen between units 9 and 10 of the meas- 
ured section, and at another exposure, about 5 feet of till occurs at a horizon 
thought to be in the lower part of the Salmon Springs drift. South of Sumner 
the Salmon Springs drift generally is thin or absent. 


MEASURED SECTION D 


Location: east valley wall of Stuck River: in gully 150 feet east and another 
gully 400 feet north of SE cor. SW'4 sec. 18, T. 20 N., R. 5 E., in vicinity of 
Salmon Springs, city water supply about 1 mile northeast of Sumner, Wash. 
(composite section). Section measured by D. R. Crandell in March, 1957. 
Vashon drift 

11. Sand and pebble to cobble gravel, unoxidized 
Upper part of Salmon Springs drift 

10. Sand, very fine, and silt; light olive gray 

9. Sand and pebble to cobble gravel, oxidized; northern provenance in part 
Nonglacial sediments 


8. Silt and clay, pale yellowish brown 
‘ 


Peat, very compact, black; and silty peat .. 
6. Silt, brownish gray, rich in vegetative debris 
5. Volcanic ash 
Lower part of Salmon Springs drift 
4. Sand and pebble to cobble gravel, oxidized; northern provenance 
Puyallup formation 


3. Sand, medium to coarse, and lenses of granule and pebble gravel, poorly 
defined cut and fill stratification; Mt. Rainier provenance 


Stuck drift 
2. Till, very compact, unoxidized 


1. Sand and pebble to cobble gravel, oxidized, northern provenance 
More than 


Pleistocene Sequence of the Puget Sound Lowland, Washington 395 


PRE-VASHON EROSION INTERVAL 

Probably the most conspicuous features of the southeastern part of the 
Puget Sound lowland are three large, north-trending valleys; two of these are 
occupied by Puget Sound (Colvos Passage and the main arm of the Sound), 
and the third forms the Puyallup-Duwamish valley. The floor of Puget Sound 
in the two western valleys lies some 400 to 600 feet below sea level, and deep 
borings indicate that unconsolidated sediments reach at least comparable 
depth below sea level in the Puyallup-Duwamish valley. The writers share 
Bretz’ (1913, p. 199) opinion that these valleys are primarily the products of 
interglacial stream erosion, and that the deep erosion that formed them likely 
was caused by regional uplift. It must be pointed out, however, that deep 
scouring by the Vashon glacier might be partly responsible for the deepening 
of these valleys, although just what part of the erosion is attributable to 
streams and what part to glacial scour is not known (see Bretz, 1913, p. 196- 
197). Vashon drift commonly extends at least as low as sea level on the sides 
of these valleys, and probably extends well below sea level as well. The dis- 
tribution of the Salmon Springs drift, however, seems to bear no such rela- 
tionship to the Puyallup-Duwamish valley. Thus it appears that this valley was 
eroded after the Salmon Springs glaciation and before the Vashon glaciation. 
Because of the lack of definitive evidence that this is the case, however, this 
conclusion must be regarded as tentative. 


VASHON DRIFT 

The most recent glacial drift in the southern part of the Puget Sound 
lowland was deposited by a continental glacier that, just as its predecessors, 
had its chief source in the Coast Range of British Columbia. 

According to Willis (1898), deposits of Vashon age include Vashon 
drift, Osceola till, Osceola clays, and Douty gravels. The Osceola till of Willis 
now is known to be a postglacial volcanic mudflow deposit from Mt. Rainier 
(Crandell and Waldron, 1956). The Osceola clays and Douty gravels of Willis 
are glacial drift of Vashon age, and the two names are thereby abandoned. 

The Vashon drift includes glaciofluvial and glaciolacustrine sediments 
and till distinguished chiefly by their general lack of oxidation or other signs 
of weathering. The till is fresh and gray to within a few feet of the surface, 
and even the gravels are gray or brownish gray and contrast markedly with 
the typically oxidized and iron-stained gravels of the older glacial formations. 
Landforms on the drift characteristically are little modified by erosion. 

Whereas outcrops of the older Pleistocene formations of the lowland are 
nearly everywhere restricted to exposures in valley sides and beach cliffs, 
Vashon drift forms the surface deposit across interfluves in the lowland, and 
locally extends down valley walls at least to and probably beneath alluvium 
on valley floors; thus it unconformably overlies all of the older deposits. 


RELATION OF ADMIRALTY DEPOSITS OF WILLIS AND BRETZ 
TO SEQUENCE DESCRIBED HERE 


One of the most critical problems in a revision of the Pleistocene se- 
quence involves the position of the Admiralty till and clays of Willis and the 
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Admiralty till and sediments of Bretz in the stratigraphic sequence described 
above. Willis used the term Admiralty to describe the deposits of the only 
glaciation preceding the Vashon that he recognized. This usage has been fol- 
lowed by many subsequent workers concerned with the Pleistocene deposits of 
the Puget Sound area. 

An attempt to determine in the field the relation between typical Admiral- 
ty drift at Tacoma, as described by Willis, and formations described in this 
paper was not successful owing to a lack of adequate exposures in critical 
areas. At a locality south of Des Moines, deposits described as being of Ad- 
miralty age by Willis (1898, p. 152) probably include parts of both the 
Puyallup formation and the Salmon Springs drift. In the east wall of the 
Puyallup-Duwamish valley between Kent and Auburn ( Willis, 1898, p. 152- 
153), where Willis described Admiralty till, the till is of Salmon Springs age. 

Bretz resolved the problem of correlation by defining the Admiralty as 
containing all or nearly all of the pre-Vashon sediments of the lowland. Con- 
tinued use of Admiralty in this sense is not desirable because it implies that 
the Admiralty represents a single and distinct glacial age (stage) and that the 
Vashon was preceded by only one glaciation, whereas the Pleistocene record 
of this part of the Puget Sound lowland now is known to embrace at least 
three pre-Vashon glaciations separated by nonglacial intervals. 

Inasmuch as the Admiralty till and clays of Willis cannot be assigned to 
a single stratigraphic interval, the name is not used in this paper. 


AGE AND CORRELATION 


The Pleistocene history of the southeastern part of the Puget Sound low- 
land consists of at least four episodes of glaciation separated by intervals of 
erosion, weathering, and nonglacial sedimentation. The youngest of these 
glaciations, the Vashon, appears to be generally correlative with the (Taze- 
well) maximum of the Wisconsin stage of the central United States (Waldron, 
Mullineaux, and Crandell, 1957). Radiocarbon dates (Meyer Rubin, written 
communication, 1956; Rigg and Gould, 1957) on peat that postdates the 
Vashon drift in the lowland suggest that the glacier uncovered the lowland 
south of Seattle at some time prior to 14,000 years ago. A subsequent late 
Wisconsin glacial advance younger than 11,300+300 radiocarbon years down 
the Fraser River valley in southwestern British Columbia has been described 
by Armstrong (1956) and correlated by him with the Mankato subage of the 
central United States. 

The Salmon Springs glaciation is thought to be pre-Wisconsin, but there 
is little direct substantiating evidence. Wood (W-258) from the top of gravel 
thought to be correlative with the Salmon Springs drift 3.5 miles southeast of 
Point Brown was determined to have an age of more than 37.000 radiocarbon 
years (Rubin and Suess, 1956, p. 444). Nowhere has a zone of deep weather- 
ing been seen on the Salmon Springs drift; instead, nearly everywhere an 
erosional unconformity separates it from the overlying Vashon drift. 

An age assignment of pre-Wisconsin for the Puyallup and older forma- 
tions independent of their stratigraphic relationship to the Salmon Springs 
drift is based on the inference that the weathered surface and erosional un- 
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conformity that separate the Puyallup formation from the overlying Salmon 
Springs drift required many tens of thousands of years for their development. 
This inference supplements the pollen evidence that deposition of the Puyallup 
formation coincided with a nonglacial interval, and suggests that this interval 
was of interglacial stage rank in duration. In addition, a wood sample (W- 
259) from the Puyallup(?) formation near Des Moines was found to have an 
age of more than 37,000 radiocarbon years (Rubin and Suess, 1956, p. 444). 

The age of the Orting glaciation is uncertain; the fact that it is the oldest 
known Pleistocene deposit of the area suggests but does not prove it to be of 
early Pleistocene age. 

On the basis of the sketchy dating evidence at hand, it is suggested that 
the Orting glaciation may be early Pleistocene, the Stuck glaciation early to 
middle Pleistocene, and the Salmon Springs glaciation middle to late Pleisto- 
cene. The equivalence of these glaciations to the Pleistocene stages of the 
central United States is not known. 
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THE SYSTEM MnO—SiO.* 
F. P. GLASSER 


ABSTRACT. The system MnO—SiO, has been studied by the quenching technique. By 
working in an atmosphere of low partial oxygen pressure manganese was kept in the 
divalent state. The incongruent melting of rhodonite (MnSiO;) was confirmed, with the 
temperature determined as 1291°C. Tephroite, MneSiO,, was found to melt congruently 
at 1345°C. The rhodonite-tephroite eutectic is at 1251°C and 38.3 wt.% SiO:. The tephro- 
ite-manganosite (MnO) eutectic is at 1317°C and 25.5 wt.% SiO. A large range of liquid 
immiscibility dominates the region from 55-99 wt.% SiQs. 


INTRODUCTION 

In the past half century many oxide phase systems have been studied 
systematically. The cumulative effect has been to create a new tool to attack 
the problems presented in many fields, as for example in petrology, ceramics, 
and metallurgy. Because binary phase diagrams are often over-simplifications 
of important petrologic or technologic situations, it is usually not long before 
the binary system is studied with addition of a third or fourth component 
selected on the basis of some special interest. In this way the relations among 
many of the common oxides have been explored. One group of elements which, 
until recently, has been neglected in these phase equilibrium studies includes 
those which have two or more stable oxides, such as iron and manganese. 
About two decades ago, techniques were developed to study these systems. A 
systematic study of the FeQ—SiO, system by Bowen and Schairer (1935) 
showed the way to workers in this field, and in subsequent years many im- 
portant iron oxide systems have been studied. Manganese systems have re- 
ceived less attention. 

Manganese is an important element in nature. It is ranked as the twelfth 
most abundant oxide in the earth’s crust. In the ferrous metal industry also, 
manganese is an important element for many iron ores are enriched in man- 
ganese, and manganese is widely used as an alloying element in steel. 

In this study, phase equilibria in the MnO—SiO, system have been in- 
vestigated with special precautions to maintain the manganese in the divalent 
state. 


PREVIOUS WORK 

Mineralogists have long recognized the manganese silicate minerals, 
especially the bright pink metasilicate, rhodonite. This is occasionally found 
in manganese-rich rocks and as gangue material in ore deposits. The man- 
ganous orthosilicate, tephroite, is less common than rhodonite, although it has 
been reported from a number of localities. Manganous oxide (manganosite) 
is also known from natural occurrences though it is rare. 

The optical and x-ray powder pattern and structure of these minerals are 
thus well-known from their natural occurrences, although the specimens used 


were often manganese-rich solid solutions, rather than nearly pure mineral 
end members. 


* Contribution Number 57-40, The College of Mineral Industries, The Pennsylvania State 
University, University Park, Pennsylvania. 
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Fig. 1. Literature versions of the system MnO—SiO:. (A) Herty (1930): (B) 
White, "Howet and Hay (1934): (C) Glaser (1926): (D) Doerinckel (1911). See text 
for fuller discussion. For results of this investigation see Fig. 3. 


Abbreviations used are: M, manganosite (MnO): T, tephroite (Mn.SiO,): J, justite 
(Mn,Si.O;): R, rhodonite (MnSiO;): T, tridymite (Si0,): C, cristobalite (SiO.): L, 
liquid: 2L, two liquids. Open circles indicate the composition of the crystalline com- 
pounds reported, 


The metallurgical literature is an important source of systematic data on 
the MnO—Si0, system. Doerinckel (1911) reviewed much of the early work 
both metallurgical and mineralogical, and made a systematic investigation of 
the low melting parts of the MnO—SiO, system, as shown in figure 1. 

Lebedev (1911) determined a congruent melting point for rhodonite at 
1210°C. Kallenberg (1914) fixed the congruent melting of tephroite at 
1210°C. Smolensky (1912) shows rhodonite as congruently melting at 
1220°C. Jaeger and Van Klooster (1915) in determining the melting point of 
a number of metasilicates and orthosilicates fixed the melting point of artifi- 
cial rhodonite at 1273°C, and claimed to have located two transitions at 
1208°C and 1120°C. They were unable to locate a precise melting point for 


pure tephroite, although a natural tephroite specimen was found to melt at 
1292°C. 

Glaser (1926) studied the system MnO—SiO., and reported three binary 
compounds. Tephroite and rhodonite were shown as congruently melting, the 
former at 1310°C and the latter at 1273°C. An inversion was also detected in 
rhodonite at 1210°C. The third compound was described as a “manganese 


justite”, having the formula 3MnO.2Si0.. It was said to melt incongruently to 
tephroite and liquid at about 1200°C. 
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Greig (1927) determined that a mixture of 10 percent MnO and 90 percent 
SiO, melted to two immiscible liquids at 1725°C. 

Two more recent investigations of the MnO—SiO, system which are fre- 
quently cited are those of Herty (1930) and of White, Howat and Hay 
(1934). The principle features of these investigations are summarized in 
figure 1. Both investigators show rhodonite as melting incongruently to silica 
and liquid. Herty shows an equivocal case for the melting of tephroite, while 
White, et al. show tephroite as melting incongruently. 

Voos (1935) determined the melting point of MnSiO, as 1205°C, This 
was done in a vacuum furnace. MnSiO, was said to be congruently melting. 
Voos used a dynamic method, supplemented by x-ray and petrographic ex- 
amination of quenched charges. 

The mineralogical literature reports a naturally occurring mineral cor- 
responding to the formula 5MnO.2Si0, (Ross and Kerr, 1932). Subsequent 
examination by Rogers (1935) showed that this mineral—named alleghaneyite 
by Ross and Kerr—contained essential water. Rogers showed that this min- 
eral was actually a manganese chondrodite. Examination of a sample of al- 
leghaneyite from the type locality’ shows that the mineral loses weight when 
heated to 1200°C in a nonoxidizing atmosphere. This weight loss corresponds 
approximately to that expected from the formula proposed by Rogers. Thus 
alleghaneyite is not a phase in the system MnO—Si0.. 


EXPERIMENTAL TECHNIQUES 

General.—The quenching method described by Day, Shepherd, and 
Wright (1906) was used to determine the equilibrium in this investigation. 
The techniques described here have been used with only slight modification 
to permit working in a controlled atmosphere. 

Furnaces and Temperature Measurement.—The furnaces used were verti- 
cal tube, electrically heated resistance furnaces. The electrical resistance ele- 
ment consisted of platinum or platinum-20 percent rhodium wire. Using a 
20 percent rhodium furnace winding, quench runs were made at temperatures 
to 1710°C. 

The furnace tube was made longer than for a conventional quench fur- 
nace leaving several inches of tube projecting through each end of the furnace 
shell. A pyrex glass closure was fitted to the lower end of the tube by an 
elastic gum rubber sleeve. This closure had a dished bottom containing the 
mercury for quenching, and a sidearm just above the mercury level to admit 
the gas used in providing a controlled atmosphere. 

The top closure was fabricated of brass with neoprene washers: it was 
secured to the furnace tube by clamps. The closure was necessarily more 
complicated to allow passage for the quench leads and refractory sheath, and 
a gas outlet. 

A visual indication of the gas flow through the furnace was provided by 
two bubblers in the gas train: one at the furnace inlet, the other at the outlet. 


* This sample is from the Bald Knob locality reported by Ross and Kerr. Sample sent by 
George Switzer, Acting Curator, Smithsonian Institution, U. S, National Museum, Wash- 
ington, D. C., May 2, 1957. 
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The liquid column in the bubblers (5-6 cm H,SO,) kept the furnace under 
slight positive pressure, making any gas leaks readily apparent. 

Temperatures were measured with a platinum-platinum 10 percent rho- 
dium thermoelement. The thermoelement was calibrated frequently against 
the following melting points: gold, 1063.0°C; diopside, 1391.5°C; CaSiO,, 
154°C; and 20Ca0.80SiO, mixture melting to two liquids at 1708°C. The 
temperatures assigned to these calibration points are in terms of the 1948 
International Temperature Scale. 

Thermoelements were quickly contaminated by contact with even traces 
of manganese silicate liquids. In a reducing atmosphere and in contact with 
platinum some manganese metal must enter the Pt and Pt-Rh wires. This is 
very deleterious to the accuracy of the thermoelement. Consequently the tem- 
perature reading element was never inserted in the furnace during a run. The 
temperature was read just before and just after each run. Numerous trials 
showed that with the controller used, this procedure did not introduce any 
appreciable error in the measured temperature. 

The furnace temperature was controlled by a Weston-Tagliabue ‘Celec- 
tray’ controller. This controller is actuated by a separate platinum-platinum 
rhodium thermoelement placed on the outside of the furnace tube close to the 
winding. With this controller, a given temperature could be maintained to 
+2°C for long periods of time. 

In determining the liquidus profile of the MnO field, it was necessary to 
make runs above the range of the platinum quench furnace. These runs were 
made in a zirconia-lined combustion furnace. This furnace has a vertical zir- 
conia tube, 7/8 inches inner diameter. Surrounding this is a zirconia com- 
bustion bed. Commercial ‘LP’ gas and oxygen-enriched air were used as fuel. 
With this furnace, runs could be made to over 1800°C and quenched in the 
conventional manner. 

In practice the upper temperature limit of this furnace was set by the 
melting point of the crucible material. Using platinum-20 percent rhodium 
tubes it was possible to make runs to 1800°C. The rhodium alloy was obtained 
as seamless tubing, both ends of which were welded shut* to avoid oxidation 
of the charge. 

Temperatures in the gas-oxygen tube furnace were read with an optical 
pyrometer. A Leeds and Northrup disappearing filament instrument was used. 
The pyrometer was calibrated frequently against substances of known melting 
point. The melting point of platinum and the CaQ—SiO, two-liquids tem- 
peratures were convenient calibration points. These were taken as 1769°C 
and 1708°C, respectively. 

No difficulty was experienced in working in containers fabricated of 
platinum foil or platinum tubing, contrary to the experience of earlier work- 
ers. It is suspected that the earlier trouble was caused by use of either H, or 
carbon as reducing agents. These reduced some of the Mn*+*+ to manganese 


* It was possible to weld platinum tubing with a micro carbon arc welder without sensi- 
bly heating the charge. This is important, because it was necessary to reduce all manganese 
in the charge to the manganous state before sealing the tube. As the tubes were sealed 
off in air, the charge would be sensitive to oxidation. This could be avoided except for the 
minute weight of oxygen present in the air trapped in the sealed tube. 
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metal which forms low melting alloys with platinum. Since platinum foil en- 
velopes were used in the present investigation to contain melts up to 1710°C 
and Pt-20Rh up to 1800°C it is unlikely that much manganese was lost by 
solution in the platinum or platinum alloy containers used. 

Starting Materials—The materials used in preparing starting mixtures 
were reagent grade chemicals of highest available purity. Baker's Analyzed 
Reagent silicic acid was used as a source of SiO.. The silicic acid was heated 
slowly in a platinum crucible to 1300°C, allowed to cool and ground. The 
ground silica was stored in a desiccator over P.O, until used. 

MnO, was used as a source of manganese. Unfortunately this compound 
may not contain the stoichiometric ratio of manganese to oxygen, making it 
necessary to analyze each lot for Mn content. Several bottles of Baker’s Ana- 
lyzed Reagent MnO, were very close to being stoichiometric according to our 
analysis, which agreed with the lot analysis printed on the label. The analyzed 
material was kept in a desiccator over CaSO, between weighings. 

Preparation of Mixtures—Mixtures were prepared in 10 gram lots by 
weighing out the desired proportions of MnO, and SiO.. The weighed oxides 
were transferred to an agate mortar and ground under ethyl alcohol. The ex- 
cess alcohol was evaporated and the dried powder transferred to a platinum 
crucible. 

If the charge could be melted readily and quenched to a glass, the mix- 
ture was put through two fusions with a crushing between each fusion. Many 
of the mixtures studied would not quench to a glass: the fusion products 
crystallizing even on fast quenching. The quench crystals were often of large 
size, extending from the center to the edge of the crucible—about half an inch. 

Mixtures which could not be quenched successfully and those of very 
high liquidus temperatures (>1600°C) were held just below the expected 
solidus temperature and sintered. The sintered cake was repeatedly crushed 
and returned for resintering until a uniform product was obtained. 

The sinterings and meltings were done in a gas-fired crucible furnace, or 
in an electrically heated silicon carbide resistance furnace. Charges quenched 
to a glass were melted in the silicon carbide furnace, since the mixtures tend- 
ed to splash on rapid melting. This splashing was often serious enough to 
appreciably change the composition of the mixture. Using the electric furnace, 
it was possible to bring the composition through the melting range very slowly 
and prevent any splashing. It is supposed that the splashing is due to evolu- 
tion of oxygen during the melting. 

These sintering and melting operations produce starting materials con- 
taining oxygen in excess of the desired ratio. The reduction of the manganese 
to the divalent state was accomplished during the subsequent equilibrium 
determinations. 

Examination of Runs.—The condensed phases present in quench runs 
were identified by x-ray and microscopic methods, using transmitted and re- 
flected light. The method of identification used depended on the composition 
of the charge. Those charges which quenched readily, and thus preserved any 
liquid phase present as a glass, were examined in transmitted light. Where 
liquidus devitrified readily it was impossible to distinguish any primary 


The System MnO—SiO, 403 


crystals from the devitrified liquid. Polished sections were made from these 
quenched charges and examined in reflected light. For a certain range of 
compositions, runs could be examined either in transmitted or reflected light, 
affording an opportunity to check the results obtained by the two methods. 

The characteristic appearance of tephroite and manganosite facilitates 
their recognition in polished sections, Tephroite occurs in stubby euhedral 
to subhedral crystals, showing traces of the intersection of prism and pyramid 
faces with the plane of the polished section. MnO occurs as small anhedral 
grains with very high reflectance. 

The aspect of the polished sections was frequently improved by etching 
for 15-30 seconds in a 1 percent HCI solution. Sections containing primary 
tephroite benefited particularly from an etch. 


OXIDATION STATE OF MANGANESE 

In ordinary dry silicate systems the equilibration runs are made in air, 
and the composition of the vapor phase is neglected in making calculations. 
In studying systems involving manganese as a component, it is not possible 
to work in an air atmosphere without introducing complications due to 
changes in the oxidation state of the manganese. Control over the oxidation 
state of manganese can be achieved by regulating the oxygen concentration 
in the atmosphere used for equilibrium runs. If one considers the pure man- 
ganese oxides, they may be related to each other by addition or subtraction 
of oxygen. For example: 

Mn + 1/20, = MnO 
3MnO + 1/2 0, = Mn,0, 

At any given temperature, each reaction will have a definite fixed oxygen 
pressure in equilibrium with the condensed phases. : 

In the case of pure manganese oxides the actual value of the equilibrium 
oxygen pressure may be calculated from the thermodynamic data on free 
energies of formation of the manganese oxides. Values for several manganese 
oxides are shown in figure 2. The values for the reactions 


Si + O, = $i0, 
Fe + 1/20, = FeO 
3FeO + 1/2 0. = Fe,0, 


are also shown for comparison. 

From figure 2 it can be seen that the oxidation of MnO to Mn,U, pro- 
ceeds at higher oxygen pressures than required to oxidize FeO to Fe,0,. The 
reduction of MnO to Mn takes place at very low oxygen pressures: much 
lower than that required for reduction of FeO. In fact, the curve for the MnO 
reduction lies rather close to the curve for reduction of SiO, to silicon metal. 
In the high temperature range MnO is stable over a much wider range of 
oxygen pressures than is FeO. 

The comparison with FeO is used inasmuch as many of the techniques 
for studying oxide phase equilibrium systems involving cations of variable 
valence have been pioneered in the study of systems involving iron oxide as 
a component. Bowen and Schairer (1935) studied the system FeO—SiO, 
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Fig. 2. Standard free energy of selected reactions as a function of temperature. The 
species involved are shown just above and below the line for the reaction involved. The 
numerical valves shown are per mole of oxygen. Open circles represent the melting of 
one species involved. The cross represents a transition, Transitions involving negligible 
changes in slope are not shown. Dot-dash line shows the calculated oxygen pressure from 
a gas mixture of CO, and H, having CO./H: = 5. The free energy data for the metals 
and metal oxides are from the valves compiled by Coughlin (1954). 
using iron crucibles to contain the charge, and worked in a purified nitrogen 
atmosphere. This technique, coupled with chemical analysis of the charge. 
proved highly successful and the method has since been applied to the study 
of many other systems containing ferrous oxide as a component. 

Unfortunately, this technique is not applicable to manganous oxide sys- 
tems. The melting point of manganese is too low (1245° + 10°C), thus pre- 
cluding the use of manganese metal crucibles. As figure 3 shows, no liquid 
phase is present in the MnO—SiO, system below 1251°C, thus melting rela- 
tionships in this system could not be studied in manganese metal crucibles. 

Some exploratory runs were made in platinum crucibles, using a purified 
nitrogen atmosphere. These runs were not satisfactory. Equilibrium could be 
reached only very slowly between the furnance atmosphere and the charge. 
The equilibrium determinations reported here used the ‘water gas’ equilib- 
rium to provide an atmosphere of low oxygen pressure. This reaction may be 
represented as follows: 

1. CO, + H, = CO + H,O 
2. CO. = CO + 1/20, 

In practice, CO, and H, are mixed together in some proportion, dried, and 
passed through the furnace. The equilibrium constants are known for both 
reactions, and the resulting partial oxygen pressure can be calculated as a 
function of temperature and the ratio of CO./H.°. In this study the CO./H., 


* For a more detailed description of these techniques, see Chipman (1940) and Darken 
(1945). 
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ratio was fixed at 5:1; that is, the gas contained 83.3 percent CO, and 16.7 
percent H. (mole %). The partial oxygen pressure produced by this gas mix- 
ture was calculated as 10—'° atm. at 1130°C, 10-5 atm. at 1370°C, and 10~°® 

atm. at 1555°C—shown in figure 2 as a dot-dash curve. 
Equilibrium is attained quite rapidly between the condensed phases and 
’ the water-gas atmosphere. Despite the low partial oxygen pressure, the system 
has a large “buffering capacity” for excess oxygen in the charge. At the tem- 
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peratures used in studying the MnO—SiO, system (>1000°C) the reaction 
rates between the gas phase and the small charges employed are rapid. 

On the basis of the above calculations it may be shown that MnO is stable 
over a relatively wide range of oxygen pressures. It should be stressed that 
these calculations cannot be applied directly to the MnO—SiO, system. The 
addition of silica, or any other component, changes the state of aggregation 
of the MnO component in the liquid phase and in the crystalline silicate com- 
pounds. When an ‘acid’ cation such as SiO, is added to manganese oxide, it 
would be expected that the manganous state would be favored. Ideas concern- 
ing ‘acids’ and ‘bases’ in high temperature chemistry are only qualitative and 
could not be used to refine thermodynamic calculations. It is wise, therefore, 
to have an independent check on the oxidation state of the manganese. Hence 
chemical analyses for Mn*+* and Mn** were used to check the effectiveness 
of the CO,—H, atmosphere in controlling the composition of MnO—SiO, 
melts.* 

The general analytical procedure employed is similar to that used for 
ferric iron, except that an additional problem is created by the instability of 
manganese** solutions in contact with air. Consequently, before dissolving 
the sample an excess of ferrous iron was added, and the remaining unreacted 
ferrous iron determined. Repeated trials with standards made from weighed 
quantities of MnO and Mn,0, showed that the analytical procedure employed, 
though indirect, was sufficiently sensitive and reproducible.° 

Three compositions have been analyzed, containing 44.5 percent SiO, 
(MnSiO, composition), 29.7 percent SiO, (Mn.SiO, composition) and 20 
percent SiO.. Samples of each composition were suspended in the furnace in 
a small platinum crucible. Several hours were allowed to reach equilibrium 
between the charge and furnace atmosphere. All compositions were run at 
1400°C. At this temperature the tephroite composition was completely liquid, 
the rhodonite composition contained a trace of tridymite, and the 20 percent 
SiO, mixture contained considerable MnO as a primary phase. On analysis, 
none of the charges contained any detectable Mn**. It is believed that the 
lower limit of detectability of Mn** is about 0.5 percent Mn**. Uncertainties 
in the blank correction and other errors make it inadvisable to claim higher 
accuracy for the semi-micro samples used (about 200 mg). It suffices to say 
that the atmosphere used prevented significant concentration of Mn*®, 

* Some doubt exists concerning the ionic species present in MnO—O—SiO, melts. The 
discussion will be presented assuming that the species present is Mn**, This is less clumsy 
than phrases such as “excess oxygen over the Mn/O ratio 1:1”, and in no way affects the 


validity of the analytical results, since they can be recalculated to Mn“, Oz, or any other 
convenient species. 


Analytical Procedure: Weigh the sample and transfer to a covered Pt dish of 30-50 
ml capacity. Add a measured excess of standard ferrous ammonium sulfate solution. Add a 
few ml concentrated H.SQ,, cover, and heat for 2 minutes. Allow to cool and carefully 
add a few ml HF. Cover, and heat until fumes are evolved for a predetermined length 
of time—8 minutes was adopted as standard. Cool slightly, and plunge into a 600 ml 
beaker containing 250 ml water and 10 ml 1:1 H.SO,, Add 20 ml 2% boric acid and 
titrate immediately with standard permanganate. A blank should be carried through and 
an appropriate blank correction made, Convert the permanganate used to equivalent 
Mn,Q, in the sample. 
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The situation resulting from heating MnO—SiO, melts in an atmosphere 
of higher oxygen pressure—in this case, air—is suggested in figure 4. This is 
a representation of the system MnO—Mn.0,—Si0.. The curved line shows 
the composition of melts at 1400°C in equilibrium with oxygen pressure equal 
to 0.21 atmosphere. Only a short section of line is shown, since only three 
charges were analyzed. The general situation may be visualized, however, 
from these data. Basic compositions—those higher in MnO—oxidize to a 
much greater extent than acid compositions (those high in silica). 


Mn,0O, 
/ 


Mn, 
Fig. 4. Results of chemical analyses of MnO—SiO, mixtures heated in air at 1400°C. 
The open circles represent the mean of several analyses. Solid dots indicate the rhodonite 
and tephroite composition. 


RESULTS OF INVESTIGATION 
Critical quench runs in the system MnO—SiO, are presented in table 1. 
These data are used in constructing the equilibrium diagram shown in figure 3. 
Principle features of this diagram are the large region of immiscibility, 
extending from 55 percent SiO. to about 99 percent SiO., the incongruent 
melting of rhodonite at 1291°C, the congruent melting of tephroite at 1345°C 
and the high melting point of MnO. 
Invariant phenomena are summarized in table 2. 


DISCUSSION AND CONCLUSIONS 

The Crystalline Phases—Only two manganous silicates, tephroite and 
rhodonite, were encountered in this study. Runs were made at subsolidus tem- 
peratures in an attempt to find other compounds such as the reported 3MnO. 
2Si0., but these runs yielded only rhodonite and tephroite. These runs were 
made at temperatures as low as 1000°C. Below this temperature, reactions 
were very sluggish and the crystalline starting materials failed to react. 

Additional evidence for the stability of only two manganous silicates is 
provided by natural occurrences of these minerals. These deposits are pre- 
sumed to have formed at temperatures very much less than 1000°C, and con- 
tain the same assemblages as would be predicted from the MnO—Si0, system, 
that is, manganosite and tephroite, and tephroite and rhodonite are compatable 
pairs. If any manganous analogue of rankinite were stable, it might be ex- 
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Summary of Critical Quench Runs in the System MnO—SiO, 


Composition 
(weight %) 


MnO SiO 
30.0 70.0 
30.0 70.0 
40.0 60.0 
40.0 60.0 
40.0 60.0 
40.0 60.0 
40.0 60.0 
40.0 60.0 
40.0 60.0 
50.0 50.0 
50.0 50.0 
50.0 50.0 
50.0 50.0 
54.15 15.85 
54.15 45.85 
54.15 45.85 
54.15 45.85 
55.0 45.0 
55.0 45.0 
315 42.5 
57.5 42.5 
60.0 10.0 
60.0 10.0 
60.0 10.0 
60.0 40.0 
62.5 37.5 
62.5 37.5 
62.5 37.5 
65.0 35.0 
65.0 35.0 
65.0 35.0 
65.0 35.0 
67.5 32.5 
67.5 32.5 
70.26 29.74 
70.26 29.74 
73.0 27.0 
73.0 27.0 
75.0 25.0 
69.0 25.0 
75.0 25.0 
77.5 22.5 
77.5 22.5 
77.5 22.5 
re 22.5 
80.0 20.0 
80.0 20.0 
80.0 20.0 
80.0 20.0 
85.0 15.0 
85.0 15.0 
90.0 10.0 
90.0 10.0 


Time 

(hrs) 
2.0 
2.0 
0.2 
0.2 
0.3 

12.0 
2.0 
0.5 
0.5 
2.0 


Temp. 


¢*G) 
1292 
1286 
1712 
1707 
1693 
1479 
1454 
1294 
1289 


Phases Present 
Tridymite + liquid 
Tridymite + rhodonite 
2 Liquids 

2 Liquids + crist. (tr) 
Cristobalite + liquid 
Cristobalite + liquid 
Tridymite + liquid 
Tridymite + liquid 
Tridymite + rhodonite 
Liquid 

Cristobalite + liquid 
Tridymite + liquid 
Tridymite + rhodonite 
Liquid 

Tridymite (tr) + liquid 
Tridymite + liquid 
Tridymite + rhodonite 


Liquid 

Tridymite (tr) + liquid 
Liquid 

Rhodonite + liquid 
Liquid 


Rhodonite (tr) + liquid 
Rhodonite + liquid 
Rhodonite + tephroite 
Liquid 

Tephroite (tr) + liquid 
Tephroite + liquid 
Tephroite + rhodonite 
Liquid 

Tephroite + liquid 
Tephroite + liquid 
Tephroite + rhodonite 
Liquid 

Tephroite + liquid 
Liquid 

Tephroite 

Liquid 

Tephroite + liquid 
Liquid 

MnO +- liquid 

MnO + tephroite + liquid 
Liquid 

MnO + liquid 

MnO + liquid 

MnO + tephroite 
Liquid 

MnO + liquid 

MnO + liquid 

MnO + tephroite 
Liquid 

MnO +- liquid 

Liquid 

MnO + liquid 


™ 
| 
1596 
2.0 1554 
0.5 1293 
0.7 1286 
6.0 1450 
12.0 1400 
1.0 1293 
1.0 1287 
2.0 1384 
2.0 1315 
2.0 1282 
2.0 1278 
2.5 1269 
2.0 1265 
3.0 1253 
3.0 1243 
2.0 1272 
12.0 1261 
2.0 1257 
2.0 1247 
2.0 1304 
3.0 1294 
1.0 1254 
15S 1247 
2.0 1334 
2.5 1319 
2.0 1351 
6.0 1341 
12.0 1340 
2.0 1329 
3.0 1357 
2.0 1340 
2.0 1315 
1.0 1559 
12.0 1463 
4.0 1317 
4.0 1294 
0.5 1623 
3.0 1564 i 
2.0 1315 
2.0 1312 
0.2 1765 
0.2 1695 
0.2 1800 
0.2 1750 
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TABLE 2 
Invariant Phenomena in the System MnO—Si0O, 


Si0.% Temp. (°C) Nature of Invariant Phenomena 

100 1723 Melting point of SiO. 

99 1705 Limit of 2 liquid region 

55 1705 Limit of 2 liquid region 

46.5-100 1470 Tridymite-cristobalite inversion 

44.5 1291 Peritectic: rhodonite, silica and liquid 

38.3 1251 Eutectic: rhodonite, tephroite and liquid 
29.74 1345 Maximum: tephroite + liquid 

25.5 1317 Eutectic: tephroite, manganosite and liquid 
0.0 1850 Melting point of MnO 


pected to occur in these low temperature deposits, particularly as calcium is 
a major impurity in these manganese minerals. 

Samples of tephroite quenched from high temperature have optical 
properties and x-ray powder pattern identical with natural tephroite, the 
manganese olivine. 

Rhodonite quenched from temperatures just below the incongruent melt- 
ing at 1291°C appears to be identical in x-ray powder pattern and optical 
properties with rhodonite heat-treated at low temperatures. These properties 
are identical to those of natural rhodonite. The reports of one or more in- 
versions at about 1200°C are not confirmed by this investigation. It is always 
possible that a rapid, unquenchable inversion takes place although these are 
not characteristic of metasilicates. 

A high temperature x-ray powder camera was used for a direct attack on 
the problem. Results were inconclusive because the camera was not equipped 
to work in an atmosphere other than air and the samples oxidized rapidly. It 
has been noticed that rhodonite quenched from high temperatures gives a 
much more diffuse pattern than rhodonite annealed at low temperature. Some 
order-disorder phenomena may characterize the rhodonite structure at high 
temperature. Several specimens of natural rhodonite gave a very sharp pattern, 
and on heating the specimens the pattern was identical to high temperature 
synthetic rhodonite. 

Both tridymite and cristobalite have been observed in experimental runs 
in the MnO—SiO, system. Manganous oxide is an example of a good ‘min- 
eralizer’ for the silica inversions. The actual inversion temperatures between 
tridymite and cristobalite has not been determined, but is probably close to 
the 1470°C figure assigned by Fenner (1913). At 1450°C conversion of 
cristobalite to tridymite was nearly complete in 48 hours especially in runs 
containing mostly liquid. At 1500°C tridymite could be entirely converted to 
cristobalite in a like period of time. 

The melting point of MnO has been estimated by extension of the liquidus 
curve to be approximately 1850°C, somewhat higher than the estimate of 
White (1934), who gave 1800°C as the melting point. Exact determinations 
of the melting point of MnO are handicapped by the refractoriness of this 
oxide and uncertainties of the composition. MnO, like FeO, may show appreci- 
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able departure from the stoichiometric proportions, and thus have a melting 
point (or melting range) which changes with oxygen pressure. 

The Liquid Phases.—The region of glass formation in this system is 
limited to compositions between about 40 percent and 55 percent SiO,. Com- 
positions containing more than 55 percent SiO, melt to two immiscible liquids 
which quench as two phases. One phase is a glass with a refractive index very 
close to that of pure silica glass. The other liquid crystallizes on quenching, 
and is dark brown or black in color, depending on the extent of devitrifica- 
tion. 

Liquids of the rhodonite composition are readily quenched to a very pale 
amber glass. The MnSiO, composition gives a glass with n = 1.698. Glasses 
much higher in MnO than the rhodonite composition devitrify readily. It was 
not possible to prepare a tephroite glass. Hence the region of homogeneous 
glasses is very sharply limited on one hand by the immiscible liquid region 
and on the other by the region of devitrification below about 40 percent SiO, 
content. 

Melts having compositions between the tephroite-MnO eutectic and the 
rhodonite-tephroite eutectic are very difficult to contain. Mixtures in this re- 
gion give extremely fluid melts with strong wetting action for platinum. Melts 
tend to creep up the sides of platinum envelopes, over the edge and down the 
outside. Melts containing MnO as a primary phase are more readily contained, 
as are melts yielding silica as a primary phase. Melts in the two liquid field 
are less viscous than in the corresponding parts of the CaO—SiO, system. 
Separation of the two liquids is sharp even in runs of a few minutes’ duration. 

Chemical analyses have shown that MnO—SiO, melts can be prepared 
which are substantially free from Mn**. Furthermore, these melts were pre- 
pared over a range of oxygen pressure, showing that it is relatively easy to 
keep manganous silicate melts free from Mn** contamination. In ferrous 
oxide systems Fe** is present in liquids even where the partial oxygen pres- 
sure is controlled. The geological implications are readily apparent: most 
magmas contain both Fe** and Fe**, whereas manganese is universally 
present as Mn*~. The igneous chemistry of manganese is dominated by the 
divalent state to the virtual exclusion of the trivalent and quadrivalent states 
(Goldschmidt, 1954). The behavior of manganese in igneous rocks thus tends 
to resemble that of cations of similar charge and radius, like Mg++, whereas 
iron has a split behavior since both ferrous and ferric states are important in 
igneous rocks. 


SUMMARY 

The oxides and silicates of four similar cations—Cat+ +, Mg++, Fe++ 
and Mn+ *—>play an important role in the constitution of igneous rocks, slags, 
refractories and cements. The chemistry of these materials is influenced by 
the melting point, polymorphism, and solid solution relationships exhibited 
by the crystalline phases formed, and also by the immiscible liquids formed 
in silica-rich compositions. The system MnO—SiO, is fundamental to our un- 
derstanding of the role of manganese in these more complex mixtures. This 
system has been studied by conventional quenching techniques using an 
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atmosphere of controlled oxygen pressure to prevent oxidation of the man- 
ganese. Chemical analyses of charges used to check the oxidation state showed 
that only negligible quantities of Mn+* were present in the liquid and crystal- 
line phases. 

Tephroite has been shown to melt congruently at 1345°C. This is at 
variance with most previous investigations which showed tephroite melting 
incongruently to MnO and liquid. Tephroite forms a eutectic with MnO at 
1315°C, and with rhodonite at 1251°C. No changes in the structure of tephro- 
ite (olivine type structure) or of rhodonite (pyroxenoid) as a function of 
temperature or composition in this system were detected. 
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ON THE STABILITY OF THE PHASE 
ARNULF MUAN 


ABSTRACT. Equilibria between a spinel phase in the magnetite-hercynite (FeO.Fe:0;— 
FeO.Al,0;) series and the phases hematite solid solution ((Fe,Al)-Os), corundum solid 


solution ((AI,Fe):Os, and FesO;.Al,0; have been studied as a function of temperature 
and QO, partial pressure. The data show that the phase Fe.Os.Al,O3 is unstable relative to 
the phase assemblage hematite solid solution plus corundum solid solution below 1318°C. 


INTRODUCTION 


The occurrence of Fe,O0,.Al,0, as a stable equilibrium phase in systems 
containing iron oxides and Al,O, as components has been reported in previous 
papers from this laboratory (Muan and Gee, 1956; Muan, 1957). The phase 
exists in stable equilibrium, at subsolidus temperatures between 1318 and 
1410°C in the system iron oxide-Al,O, in air and between 1318 and 1495°C 
at 1 atm. O, pressure. It also exists in equilibrium with liquids in the system 
iron oxide-Al,O,-SiO, at partial pressures of O. of the gas phase above 0.4 
atm. Attempts to synthesize the phase from oxides (hematite and corundum) 
at temperatures below 1318°C in the investigations referred to above were 
unsuccessful. Once formed at higher temperatures, however, the phase showed 
no signs of decomposing to hematite solid solution ((Fe,Al).0,) plus corun- 
dum solid solution ((Al,Fe),0;) even after prolonged heat treatment below 
1318°C. In other words, we were faced with the problem often encountered 
in investigations of oxide systems at subsolidus temperatures: sluggishness of 
reactions prevented equilibrium from being attained experimentally within a 
reasonable period of time. Several methods were tried in an attempt to resolve 
the problem, including the use of fluxes, as well as hydrothermal techniques. 
The introduction of an additional component in the form of a flux can help 
to solve an equilibrium problem only if there is complete certainty that the 
fluxing material does not enter into solid solution in the phases concerned. 
Hydrothermal techniques are at best only of limited use in systems involving 
oxides of transition elements, because the presence of water may interfere 
with the control of the reduction-oxidation equilibria. 

One possible avenue of approach for determination of the relative stabili- 
ties of two crystalline phase assemblages is the study of other equilibria in 
which these phases are involved. If these equilibria are attained fast enough 
to permit experimental study of the reactions, the results of such investiga- 
tions may be combined to calculate indirectly the stability relationships among 
the crystalline phases. Reactions which permit such calculations in the case of 
the phase Fe,O,.Al,.0,; and its decomposition product, hematite solid solution 
plus corundum solid solution, are described in the present paper. Although the 
stability relationships among these phases are not known to have any great 
practical importance at the present time, the method of approach may be of 
general interest as a possible tool for solving similar equilibrium problems 
where reactions are too slow to permit direct experimental observation. 

* Contribution No. 57-33 from College of Mineral Industries, The Pennsylvania State Uni- 
versity, University Park, Pennsylvania. 
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EQUILIBRIA AMONG THE PHASES Fe,0,.Al,0,, HEMATITE SOLID SOLUTION, 
CORUNDUM SOLID SOLUTION, AND MAGNETITE-HERCYNITE SOLID SOLUTION 
Hematite decomposes upon heating according to the equation: 


(I) 3 Fe,0,,,, = 2 FeO.Fe.0,,,, + 1/2 


2 (g) 

Using Gibbs’ phase rule it is evident that this 2 component (Fe and O) 
system has | degree of freedom when the above phases (hematite, magnetite, 
gas) coexist in equilibrium. Hence, if the temperature is chosen, the O, pres- 
sure is also fixed and vice versa. One can therefore plot a graph showing the 
equilibrium partial pressure of O, for the above reaction as a function of 
temperature. Such data have been published in previous literature (Darken 
and Gurry, 1916; Richards and White, 1954). 


Alumina (AI,0,) is soluble to some extent in both crystalline phases 
above, Al’*+ partly replacing Fe** in the structures. The analogous reaction 
for the decomposition in the presence of Al,O; may therefore be written: 


(II) (Fe,Al),0,,.. = 2 FeO.(Fe,Al).0,,., + 1/2 


With the one additional component (Al) we have introduced, the system now 
possesses | degree of freedom more than in the case just considered, when 
the same number of phases is present. Hence the O, partial pressure for this 
equilibrium phase assemblage at a chosen temperature is not fixed unless the 
composition of one of the phases above is also chosen or one additional phase 
is present. If we choose to consider the decomposition of the hematite solid 
solution phase that coexists in equilibrium with the phase Fe,O,.Al,O, in the 
system iron oxide-Al,O., the partial O, pressure at chosen temperature is 
fixed. The restrictions thus imposed on the system are illustrated by an ex- 
ample shown in figure 1, after Muan and Gee (1956). This diagram illustrates 
phase relationships in the system iron oxide-Al,O, in air. In this case the O, 
partial pressure is fixed at 0.21 atm. Hence, the phases hematite solid solution, 
Fe,0,.Al,0,, spinel solid solution and gas coexist at only one temperature 
under these conditions, and the composition of each condensed phase is fixed 
(temperature t, in fig. 1). If the O, partial pressure is varied, the temperature 
of coexistence of the above phases varies, and a curve representing O, partial 
pressure as a function of temperature can be determined in a region where the 
reaction is rapid enough to permit experimental study. 


A similar line of reasoning can be applied to the dissociation of the 
Fe,0,.Al,0; phase to a spinel solid solution. Allowing for the slight variation 


* The formula for magnetite is written as FeO.Fe.O; for the purpose of simplication. 
Actual magnetite compositions under the experimental conditions used in this investiga- 
tion correspond to Fe,O;/FeO ratios higher than 1 (on a molar basis). Curves showing 
true compositions of magnetite as a function of temperature and QO, partial pressure can 
be found in a paper by Darken and Gurry (1946). 


* The ratio of total amount of sesquioxides (Al,O; + Fe.Os) to divalent oxide (FeO) in 
the spinel phase has been assumed to be 1:1 (molar basis) in order to simplify the 
writing of the formula for this phase. It is well known (Richards and White, 1954) that 
the spinel solid solution contains some Fe2Os and/or AlzOs in excess of this ratio. (Com- 
pare footnote above.) 
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Fig. 1. Diagram illustrating phase equilibria in the system iron oxide—Al.O; in air, 
mainly after Muan and Gee (1955). The diagram has been modified slightly to show the 
unstability of the FesO;.AlO; phase below 1318°C. The diagram is presented with the 
appearance of a binary system for the sake of simplicity, although actual compositions of 
the phases fall in the ternary system FeO—Fe.0;—Al.0; as explained in the original 
paper (Muan and Gee, 1955). 


in composition of this phase around the stoichiometric ratio of 1:1 (molar 
basis), the reaction can be represented by the equation: 
+ 1/20, 


(III) 3/2 = 2 FeO.(Fe,Al) 205 


Again, with 3 components present (Fe,Al,0) the system possesses 2 de- 
grees of freedom in the presence of the phases above, and O, partial pressure 
and temperature can be varied independently (within certain limits). If, how- 
ever, the composition of the Fe,O,;.Al.0; phase is chosen or a third crystal- 
line phase is introduced, a definite partial pressure of O, must correspond to 
each temperature chosen. We will consider two different compositions of the 
Fe.0,.Al,0, phase. The first is the one that coexists in equilibrium with hema- 
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tite solid solution. In this case the decomposition to spinel of phases contain- 
ing iron only as Fe** can be represented by the equation: 
(IV) (Fe,Al).0,,.. + (Fe,Al).0;.(Al,Fe).O 
2 FeO.(Fe.Al).O + 1/2 0, 


3 (ce) 2 (g) 
The curve relating partial pressure of O, to temperature for this equilibrium 
is of course identical to the one just discussed for the univariant decomposition 
of the hematite solid solution. The second equilibrium is the decomposition to 
a spinel solid solution phase and corundum solid solution of the Fe,O;.Al,0, 
that coexists in equilibrium with corundum solid solution. The reaction is 
represented by the following equation: 


(V) 2 = (ALFe).0 
2 FeO.(Fe,Al),0;,., + 1/2 0, 


This univariant situation prevails at temperature t, in figure 1. In this dia- 
gram the situation appears invariant because the one degree of freedom exist- 
ing has been “used up” in choosing the O, partial pressure as that of air. 

The activity of FeO, and hence the equilibrium pressure of O, for the 
decomposition of Fe,O,.Al,O, to spinel must of course increase with increas- 
ing Fe,O, content of the Fe,0,.Al.0, phase at constant temperature. In any 
temperature interval in which the Fe.O,.Al.0, phase has stable existence, the 
partial pressure of O, of the decomposition to spinel of the phase coexisting 
with hematite solid solution must therefore be higher than for the phase co- 
existing with corundum solid solution. Hence in this temperature interval the 
curve showing equilibrium partial pressure of reaction IV as a function of 
temperature must lie above the analogous curve for reaction V. Moreover, if 
the Fe,O,.Al,0, phase has a lower temperature limit of stable existence, at 
which it decomposes to the phase assemblage hematite solid solution plus 
corundum solid solution, the above curves for equilibrium partial pressures of 
O, must intersect at this temperature. At the temperature and O, partial pres- 
sure corresponding to this intersection point the system Fe-Al-O is in a sub- 
solidus invariant state characterized by the coexistence in equilibrium of a 
gas phase and the following crystalline phases: Hematite solid solution, 
corundum solid solution, Fe,O,.Al,0,, spinel solid solution (FeO.Fe,0,— 
FeO.Al,0,). 


) 


3 1. 
“(ep 


EXPERIMENTAL METHOD 

The quenching method was used throughout this investigation. Data for 
the equilibria in air and at 1 atm. O, pressure were taken from previous work 
in this laboratory (Muan and Gee, 1956), while additional data were obtained 
at O, partial pressures in the range 0.06 atm. to 0.8 atm. The desired partial 
pressure of O, was obtained by mixing CO, and O, in required proportions in 
a flow system where the rate of flow of each gas was measured by two capil- 
lary differential flow meters before mixing. This apparatus has been described 
in more detail in previous literature (Darken and Gurry, 1945, Muan, 1955). 
The use of carbon dioxide rather than N, or some inert gas was preferred be- 
cause the capillaries already had been calibrated for this gas species. At these 
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relatively high levels of O, partial pressures the dissociation of CO, is sup- 
pressed to the extent that the gas acts just like an inert gas for the present 
purpose. Care was taken in approaching the equilibrium from both sides. 
Samples containing the Fe,0,.Al,0, phase together with hematite solid solu- 
tion crystals or corundum solid solution crystals were heated in the quench 
furnace side by side with samples containing a mixture of the oxides (hema- 
tite solid solution and corundum solid solution) only. When equilibrium was 
attained, the samples were pulled rapidly out of the furnace and the reaction 
products determined by microscopic and x-ray methods. The reactions were 
too sluggish to permit runs at temperatures below approximately 1340°C; at 
temperatures above this level equilibrium was reached in 1-3 days. 


RESULTS 


Results of the equilibrium studies are presented in table 1. Data taken 
from a previous investigation (Muan and Gee, 1956) are marked with an 
asterisk. Curves showing equilibrium partial pressures of O, for reactions IV 
and V are illustrated graphically in figure 2. Extrapolation of these curves as 
straight lines down to lower temperatures indicates a point of intersection 
estimated at approximately 1315°C. This temperature compares favorably 
with the temperature of 1318°C found as the probable lower limit of stable 
existence of the phase Fe,O,.Al,0, reported in a previous publication (Muan 
and Gee, 1956). On the basis of these observations the temperature of 1318°C 
is accepted as a true equilibrium temperature of decomposition of the Fe,O,. 
Al.O, phase to hematite solid solution plus corundum solid solution. 


TaBLe 1 
Results of Equilibration Runs 


A. Reaction IV: (Fe,Al):Os,.. + 2 FeO.(Fe,Al) 203 


+ 1/2 0:,,, 
O, Partial Pressure (Atm.) Temperature (°C) Phases Present* 
1,00 1449°* Spin.(ss) + 1:1(ss) 
1443°* Hem.(ss) + 1:1(ss) 
0.40 1409 Spin.(ss) + 1:1(ss) 
1402 Hem.(ss) + 1:1(ss) 
0.21 1383** Spin.(ss) + 1:1(ss) 
1378** Hem.(ss) + 1:1(ss) 
0.063 1341 Spin.(ss) + 1:1(ss) 
1335 Hem.(ss) + 1:1(ss) 

* Abbreviations have the following meanings: Hem.(ss) = crystals of hematite with 
corundum in solid solution; Cor(ss) — crystals of corundum with hematite in solid 
solution; 1:1(ss) of FesO;.AlOs with some variation in Fe**/Al** ratio; 
Spin(ss) = crystals of spinel (magnetite—hercynite solid solution). 

** Data from previous investigation by Muan and Gee (1956). 

DISCUSSION 


| 
The curves of log Po. versus += were found to be straight lines within 


T 
limits of experimental error in the temperature range 1338-1495°C. The slopes 
of the curves can be used to estimate the order of magnitude of the enthalpy 
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Taste 1 (Continued) 
Results of Equilibration Runs 
B. Reaction V: == + 2FeO.(Fe,Al) 20s 


+ 1/2 0:,,, 
O, Partial Pressure (Atm.) Temperature (°C) Phases Present 
1,00 1500 Spin.(ss) + Cor. (ss) 
1491 1:1(ss) + Cor.(ss) 
0.40 1455 Spin.(ss) + Cor. (ss) 
1446 1:1(ss) + Cor.(ss) 
0.21 1414°* Spin.(ss) + Cor. (ss) 
1408** 1:1(ss) + Cor.(ss) 
0.063 1347 Spin.(ss) + Cor. (ss) 
1343 1:l(ss) + Cor.(ss) 
UF 410 
05} 4-05 
} 
| 
dq | 
| 
| 
20 -20 
| 
56 57 S686 S59 60 Gi 62 65 64 65 
70° 


Fig. 2. Diagram showing equilibria between a Fe bearing spinel phase and phases 
containing all iron as Fe**, as a function of temperature and O; partial pressure. Solid 


curve IV illustrates log Po, versus - for the equilibrium 
(Fe,Al).0; ( Fe, A] )20;.(Al Fe) = 2 FeO. (Fe,Al) (ec) 1/2 0, 
and curve V represents the analogous values for the equilibrium 
2 (Fe,Al)203.(Al,Fe) 203... = (Al,Fe):03,.,+ 2 FeO.(Fe,Al)-O3,., + 1/2 0: ~ 


Dashed lines are linear extrapolations of these curves to temperatures where equilibrium 
was not attained experimentally. 


|_| 
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of reactions for equilibria IV and V according to the well known relationship 
d(ink) 
aT” 
Only if the activities of the crystalline phases are equal to 1 would k be equal 
to Po,. Because the compositions of the crystalline phases involved in the 
equilibria vary with temperature and O, partial pressure, the simple approxi- 
mation is not valid. However, the variation in composition and hence in iron 
oxide activity is greater in the spinel phase than in the phases containing iron 
only as Fe*+. Furthermore, it is observed that the spinel phase in equilibrium 
with hematite solid solution and the Fe,0,.Al,0, phase according to equation 
IV is only slightly different from that of the spinel coexisting with Fe,0,.Al,0; 
and corundum solid solution according to equation V, and that this composi- 
tional difference diminishes as temperature decreases towards 1318°C. A com- 
parison of the slopes of the two curves in figure 2 is therefore expected to give 
approximately the correct value for the enthalpy change in the reaction: 

(VI) (Fe,Al) = (Fe,Al).0;,.. + (Al,Fe)203,., 
The value obtained is AH°y; = ~15000 cal. 

On the basis of the present and previous observations, the phase relation- 
ships in parts of the iron oxide-Al,O, system at subsolidus temperatures may 
be summarized as follows: The phase Fe,0,.Al,O, exists in stable equilibrium 
only at temperatures above 1318°C and at partial pressures of O, above 0.03 
atm. At temperature below 1318°C the phase assemblage hematite solid solu- 
tion plus corundum solid solution is stable if the O, pressure is high enough 
to prevent dissociation of Fe*+ to Fe**+, the necessary O, pressure decreasing 
from a maximum of 0.03 atm. at 1318°C to successively lower values as tem- 
perature is decreased. Above 1318°C the phase Fe,0,.Al,O, is stable if the O, 
pressure is sufficiently high to prevent dissociation of Fe**+ to Fe*?*+. The pres- 
sure necessary to maintain all the iron as Fe*+, and hence stabilize the Fe,0. 
Al.O, phase, increases with increasing temperature from approximately 0.03 
atm. at 1318°C and reaches 1 atm. at 1495°C (see curve V in fig. 2). If the 
O. pressure is insufficient to prevent decomposition of Fe*+ to Fe**+, the phase 
assemblage spinel solid solution with or without corundum solid solution is 
stable in Al.O,-iron oxide mixtures of ratio 1:1 (molar basis). The coexist- 
ence at 1318°C and an O, partial pressure of 0.03 atm. of the crystalline 
phases Fe,O,.Al,0;, hematite solid solution, corundum solid solution, spinel 
(FeO.Fe,0,—FeO0.Al,0,) solid solution corresponds to an invariant situation 
in the system Fe—Al—O. 

These relationships are illustrated by the diagrams shown in figure 3. 
The first two diagrams in this figure (a and 6) show phase relationships in 
the system iron oxide-Al,O,; at 1 atm. O, (a) and in air (6), respectively. 
These diagrams have been modified from those previously published (Muan 
and Gee, 1956) to show the decomposition of the Fe.O;.Al,0; phase to hema- 
tite solid solution plus corundum solid solution below 1318°C. The supple- 
mentary diagrams in c and d are sketches intended to show the disappearance 
of the Fe.O,.Al,0, phase as O, partial pressure is gradually decreased. The 
situation described in c is an exceptional section through the system Fe—Ai— 
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Diagrams illustrating influence of changing O, partial pressures on equilibria 


Al—O. Diagrams (a), (6), and 


(c) show, in successive order, phase relationships at 1, 0.2 and 0.03 atm. O2, while the 
diagram in (d) is a sketch indicating phase assemblages at an O: partial pressure slight- 


ly below 0.03 atm. 


O corresponding to the invariant situation discussed above. In an atmosphere 
of O, partial pressure of 0.03 atm. the four phases represented by points w 
(hematite solid solution), x (spinel solid solution), y (Fe.0,.Al.0,) and z 
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{corundum solid solution) coexist in stable equilibrium at 1318°C. Finally, 
at O, pressures slightly below 0.03 atm. O., such as represented by the quali- 
tative sketch in d, the Fe.O,.Al.0, phase does not appear in the diagram. 

The Fe.0,.Al.0, phase has not been reported as a natural mineral, Com- 
positions favorable for the formation of this phase are present in ferrugineous 
bauxites. The phase association spinel-corundum-hematite, but no Fe,O,. 
Al.O., has been reported in such rocks (see for instance Heinrich, 1956). Ac- 
cording to estimates of most petrologists the temperature of metamorphism in 
these formations did not exceed 1100°C. Certainly, on the basis of the present 
observations, one would not expect to find Fe.O,.Al.0, as a phase under such 
conditions of formation even in this environment of favorable chemical com- 
position. With reservations for the possibility of other constituents in the rocks 
influencing the equilibria, it is not likely that Fe.O,.Al.0, will ever be found 
as a natural mineral. 


SUMMARY 


The reaction between the phase Fe.O,.Al.0, and its decomposition prod- 
ucts hematite solid solution ((Fe.Al).O.) and corundum solid solution ( (Al, 
Fe).0.,) according to the equation 


(VI) Fe.0,.Al,0,,.. = (Fe,Al).0;,., + (ALFe).0;,., 
has been found to be too sluggish to permit direct experimental study at tem- 
peratures below 1318°C. An indirect method has been used in the present 
investigation to determine the relative stabilities of these two phase assem- 
blages in this region. The method is based on the following reasoning: 

Iron oxide—Al.O, phases containing iron only as Fe*+ decompose upon 
heating to a Fe**-containing magnetite-hercynite (FeO.Fe.0,—Fe0.Al.0, ) 
spinel phase. At the temperature of stable coexistence of the phases Fe.O,. 
Al.O., hematite solid solution and corundum solid solution, the partial pres- 
sure of O, of the gas phase for their decomposition to spinel must be equal 
for the three crystalline phases. Above the temperature of this invariant situa- 
tion, two univariant situations exist, characterized by the coexistence in 
equilibrium of the phases spinel, hematite solid solution, Fe.O,.Al,0,, gas, and 
spinel, corundum solid solution, Fe,O,.Al.0,, gas, respectively. The variation 
in O. pressure with temperature for these two univariant equilibria have been 
determined experimentally at temperatures down to 1338°C. A plot of log 


Po. versus . permits a reliable extrapolation of these data down to lower 
temperatures. The lines are found to intersect at approximately 1315°C and 
a partial pressure of O. of approximately 0.03 atm. This compares favorably 
with the temperature of 1318°C suggested by previous data as the lower tem- 
perature limit of stable existence of the phase Fe,O,.Al.O, in air and at 1 
atm. O, pressure. The combination of these data shows that a ternary sub- 
solidus invariant situation exists in the system Fe—Al—O. At 1318°C the 
following phases coexist in stable equilibrium: hematite solid solution, corun- 
dum solid solution, Fe,O,.Al,0,, spinel and a gas phase with an O, partial 
pressure of 0.03 atm. 
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The enthalpy of reaction for the equilibrium 


(VI) = (Fe,Al).0;,.. + (ALFe)20s,., 


) 


has been found to be approximately AH°y;= ~ 15000 cal. 
The unstability of Fe,O,.Al,0, below 1318°C makes it unlikely that this 


phase will be found as a naturally occurring mineral. 
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ENLARGEMENT OF THE COMPOSITION FIELD 
OF EPIDOTE AND PIEMONTITE 
WITH RISING TEMPERATURE 


i AKIHO MIYASHIRO and YOTARO SEKI 


ABSTRACT. At very low temperatures, epidote and piemontite tend to have composi- 
tions near HCa2Al.FeSisO.s. With rising temperature, the composition field of these min- 
erals enlarges toward higher and lower Fe** contents and also toward higher Mn“ content. 


INTRODUCTION 

Epidote and piemontite, both monoclinic in symmetry, make a continuous 
solid solution group, having a general formula: HCa, (Al,Fe+*,Mn**), Si; 
O,,. Their compositional variations are mainly due to substitution among Al, 
Fe** and Mn**. In this paper, epidote denotes all the (Al,Fe+*) members, 
free or very poor in Mn; hence it includes clinozoisite (0-10 percent Fe+* 
end-member) and pistacite (more than 10 percent Fe** end-member). The 
Mn*°*-rich members are called piemontite. 

Eitel (1919) and others showed that zoisite (rhombic form) is normally 
poor in Fe+® and epidote much richer in it. This relation is diagrammatically 
shown in figure 1. Most zoisites contain less than 10 molecular percent Fe** 
end-member, whereas most epidotes fall in the range of 15-35 molecular per- 
cent. Thus, the Fe*+* content is probably an important factor controlling the 
formation of zoisite and epidote. 


Epidote 


2 
- 


20 
Fe? 
100 
Fig. 1. Frequency curves for the Fe** 
(1953). 


contents of zoisites and epidotes after Ehlers 


CRYSTALLOCHEMICAL CONSIDERATION AND HYPOTHESIS 

The structural study of epidote by Ito, Morimoto and Sadanaga (1954) 
is interesting in this regard. The framework of the epidote structure consists 
of chains similar in shape to those of kyanite. The chains are composed of 
(Al,Fet+*)O, and (Al,Fe+*)O, (OH). octahedra, with O-O or O-OH edges in 
common, and are stretched parallel to each other and to the b-axis, They are 
bound together sidewise by Al, Fe*+*, Ca and Si atoms. 

Thus, the (Al,Fe*+*) atoms in epidote are divided into three groups, 
composed of the same number of atoms. Two groups of them belong to the 
chains, and the third is outside the chains. The (Al,Fe+*)-O and (Al,Fe+*)- 
OH distances within the chains are smaller than those outside the chains. 
Thus, Fe*+* atoms are probably accommodated in the sites outside the chains 
more readily than in the sites within the chains. 


423 


Zoisite 
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If most (Al,Fe**) sites outside the chains are occupied by Fe** and most 
(Al.Fe+*) sites within the chains are occupied by Al, the epidote has composi- 
tions near HCa.Al.FeSi,O,, (that is, Al:Fe*® 2:1, or 33 molecular per- 
cent Fe+* end-member). Most epidotes really have compositions near this. 
Thus, we can assume that the epidote structure is most “stable” or unstrained 
if the mineral has such compositions. If this assumption be valid, epidotes 
formed at very low temperatures will tend to have compositions near 33 
molecular percent Fe*+* end-member, and the composition range will become 
larger with rising temperature. 

In the following sections, it is shown how existing and new data of epi- 
dote and piemontite support this hypothesis. 


EPIDOTES IN METAMORPHIC ROCKS OF THE KANTO MOUNTAINS 

The optical angles of a large number of epidotes in metamorphic rocks 
of the Kanto Mountains in central Japan have been measured, and the results 
give strong support to the above hypothesis. 

The metamorphic terrain of the Kanto Mountains (Seki, 1958) may be 
divided for the present purpose into three zones representing progressive 
changes. In the order of increasing grade, they are as follows: 

1. Zone of weakly metamorphosed Paleozoic rocks. 

2. Zone of crystalline schists without conspicuous albite porphyroblasts 

(so-called non-spotted schists). 
Zone of crystalline schists with conspicuous albite porphyroblasts 
(so-called spotted schists). 


Zone(|) 


Zone(2) 


Zone(3) 


= ‘ 


2Vx 120° 100° 60° 


0 20 40 
Fig. 2. Frequency curves for the optical angle of epidotes in various metamorphic 
grades of the Kanto Mountains. The full lines represent the curves for epidotes in basic 
rocks; the dotted line represents the curve for epidotes in pelitic and psammitic rocks. 
The Fe*/(Al+ Fe) ratios corresponding to optical angles were taken from Winchell 
and Winchell’s (1951) diagram. Some of the observed values of 2Vx are anomalously large. 


. /\ 
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The first two zones belong to the glaucophane-schist facies, and the last to the 
actinolite-green schist facies. 

The frequency distribution of the measured optical angles of epidotes is 
shown in figure 2. In the basic rocks of zone 1, epidotes show no noticeable 
zoning, and the measured values of 2V, range from 69° to 84° with the maxi- 
mum frequency at 72°. In basic schists of zone 2, epidotes show remarkable 
zoning, mostly in the direction of increasing 2V, toward the periphery, and 
the measured values of 2V, range from 64° to 98°. In basic schists of zone 3, 
epidotes show remarkable zoning, mostly in the direction of increasing 2V, 
toward the periphery, and the measured values of 2V, range from 60° to 110°. 
Thus, the range of the optical angle enlarges with increasing grade of meta- 
morphism, and the enlargement is more pronounced toward the larger value 
of 2V, than toward the smaller. 

If we adopt the diagram of Winchell and Winchell (1951) for the rela- 
tion between the Al-Fe** substitution and optical angle of epidote, the above 
statement may be transformed as follows: In zone 1, practically all the epi- 
dotes fall within the composition range of about 20-35 molecular percent Fe** 
end-member with the maximum frequency at about 30 molecular percent. The 
composition range enlarges with increasing grade of metamorphism. Thus, the 
composition range is about 5-45 molecular percent Fe*+* end-member in zone 
2, and about 0-50 molecular percent in zone 3. The zonal structure is general- 
ly in the direction of decreasing Fe*+* content toward the periphery, probably 
owing to the progressive reduction of iron in the rock with advancing meta- 
morphism. Epidotes with lower contents of Fe** tend to be more common in 
higher grades. 

In zones | and 2, epidote is confined generally to rocks of basic composi- 
tions, whereas in zone 3 it occurs not only in basic but also in pelitic and 
psammitic rocks. As shown in fig. 2, epidotes of pelitic and psammitic schists 
tend to have lower contents of Fe*+* than those of the associated basic schists, 
owing to the compositional difference of the host rocks. 

All these rocks are low in grade of metamorphism, and the enlargement 
of the composition range is conspicuous only in the lower-grade members 
among them. Then, we may consider that such enlargement could be noticed 
only in metamorphic terrains in which recrystallization has taken place down 
to very low temperatures. This condition may not be fulfilled in some meta- 
morphisms. 


EPIDOTES IN METAMORPHIC ROCKS OF THE BESSI DISTRICT 


Horikosi (1938) gives data for the optical angles of epidotes in basic 
metamorphic rocks of various grades in the Bessi district, Sikoku. He divided 
the basic metamorphic rocks into four groups‘, which are in the order of in- 
creasing grade of metamorphism as follows: 


* Banno (Miyashiro and Banno, 1958) divided the metamorphic terrain of the Bessi dis- 
trict into three zones I, II and III, Here, zone I is characterized by the occurrence of 
glaucophane and zone III is characterized by the occurrence of biotite. Horikosi’s group- 
ing is correlated with Banno’s zones as follows. Group (1) belongs to the lower-grade 
part of zone I, group (2) belongs to the higher-grade part of zone I and the lowermost- 
grade part of zone II, group (3) belongs to the rest of zone II and the lower-grade part 
of zone III, and group (4) belongs to the higher-grade part of zone III. 
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1. Green phyllites. 


2. Green schists without conspicuous albite porphyroblasts (so-called 
non-spotted schists) . 


3. Green schists with conspicuous albite porphyroblasts (so-called spot- 
ted schists). 


4. So-called amphibolite, mainly composed of sodic oligoclase, epidote 
and common hornblende. 


Group (1) ! \ 


Group (2) 
Group (3) 
Group (4) 
2Vx 120° 100 80° 60° 
10 20 40 


Fig. 3. Frequency curves for the optical angle of epidotes in basic rocks of various 
metamorphic grades in the Bessi district. 


The results of his measurements are diagrammatically shown in figure 3. 
The relation of the optical angle to metamorphic grade in this district is very 
similar to that in the Kanto Mountains. In the lowest grade, practically all the 
epidotes fall within the range of about 20-35 molecular percent Fe** end- 
member, and with increasing grade of metamorphism the composition range 
enlarges up to about 0-50 molecular percent Fe+* end-member. In this case 
also, the enlargement is much more pronounced toward the lower Fe** con- 
tent than toward the higher. 

There is an interesting difference, however. In the Kanto Mountains the 
zonal structure of epidotes is generally in the direction of decreasing Fe** 
content toward the periphery, whereas in the Bessi district it is generally in 
the direction of increasing Fe*+* content toward the periphery, probably 
representing the trend of retrogressive change. In the epidotes of group (4) 
in the Bessi district, 2V, ranges from 80° to 95° (corresponding to 5-20 
molecular percent Fe*+* end-member) in the core, and from 70° to 80° (cor- 
responding to 20-35 molecular percent Fe** end-member) in the periphery. 
In epidotes of groups (3) and (2), 2V, ranges from 60° to 105° in the core, 
and generally converges to a much smaller range of about 70°-80° in the 
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periphery. Probably this convergence also represents a retrogressive change, 
indicating the dwindling of the composition range with falling temperature. 


COMPOSITION FIELDS OF PIEMONTITE 
The relation between the composition and occurrence of piemontite pro- 

vides another evidence in support of our hypothesis. The modes of occurrence 

of piemontite may be divided into four groups as follows: 

(a) Low-grade crystalline schists and associated rocks from areas where the 
temperature of metamorphism was so low that biotite was not formed. 
These rocks belong to the glaucophane-schist and green schist facies. 

(b) Crystalline schists of higher grade than group (a), and also pegmatites. 
This group represents higher temperatures than group (a). 

(c) Volcanic rocks. Piemontites of these rocks were formed probably by 
deuteric action. Although the formation temperature may be diverse, yet 
it may be stated that the upper limit of the formation temperatures in this 
group is probably higher than the formation temperatures in group (a). 


Mn*> 


\ © Group (a) 
X Group (b) 
\ + Group (c) 
\ A Group (4) 


v Fet? 
20 40 60 80 


Fig. 4. Enlargement of the composition field of epidote and piemontite with rising 
temperature, The dotted line represents the composition field at a low temperature cor- 
responding to group (a); the full line represents that at a higher temperature correspond- 
ing to groups (b) and (c). Under some special conditions, the composition field seems 
to extend to point /, which indicates the Langban piemontite (No. 17). Letter k indicates 
the “manganiferous epidote” from the Kakinomata mine (Hirowatari, 1956), which be- 
longs perhaps to group (a). 
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(d) Ore deposits (not included in the above three groups), such as Tunaberg, 
Langban, Jakobsberg, Ultevis and St. Marcel. Though we have no re- 
liable data on the modes of occurrence and formation temperatures of 
these piemontites, probably the formation temperatures are in a wide 
range from low to relatively high values. 

Table 1 contains the existing data of piemontites, published in and since 

1887. The Al-Fe**-Mn*°* substitution is shown in figure 4. 

TaBLe 1 
Chemical Compositions of Piemontites, Recalculated to Molecular Percentages 


so that Al.O, + Fe.O, + Mn.O, = 100 


| Al,Os FeO; Mn.O; 


Host-rock Author 


vality 


1 | Sazare mine, Schist assoc. 68.6 22.5 8.9 | Tono (Hashimoto, 
Sikoku with glauc. sch. 1957) 
2 Otakisan, Schist assoc. | 69.1 18.2 12.7 Koto, 1887 
Sikoku with glauc. sch, 
(a) ” , Mn deposit assoc. | 59.0 21.8 19.2 | Hirowatari, 1954 
3 | Tone, Kyusyu 
with schists 
| Oteco Qz.-musc.-piem. 62.0 18.6 194 Hutton, 1940 
schist 
Muse.-piem.-qz. | 71.7 21.2 7.1 | Tsuboi, 1936 
distr.,Sikoku| schist 
(hb) 61 Chikle. Indic Piem.-biot.-qz. | 51.9 15.3 32.8 | Bilgrami, 1956 
schist 
| 
7 | Chikla, India Pegmatite | 52.0 13.2 348 | Bilgrami, 1956 
8 | Glen Coe, Andesite 77.0 21.4 1.6 | Hutton, 1938 
Scotlana } 
9 | Glen Coe, Andesite 75.9 22.2 1.9 | Hutton, 1938 
Scotland 
(c) 10 | South Mt., Rhvolite | 69.0 95 21.5 Williams, 1893 
U.S.A. 
11 | Shadow Lake, Volcanic rock | 68.5 8.7 228 | Short, 1933 
U.S.A. 
12 | Tucson Mts., | Felsite | 68.0 7.7 24.3 | Guild, 1935 
U.S.A, 
13 | Jakobsberg, | 69.5 25.5 5.0 | Malmqvist, 1929 
Sweden 
14 | Ultevis, 58.5 22.7 18.8 |Oedman, 1950 
Sweden | 
(d) 15 | Tunaberg, | 65.5 10.7 23.8 Malmavist, 1929 
Sweden 
16 | St. Marcel, 55.3 164 28.3 | Malmqvist, 1929 
Italy 
17 __Langban, | 40.4 134 46.2 |Malmavist, 1929 
Sweden 
All the manganese present is regarded as being in the trivalent state. Nos. 1, 2 and 


5 are from the Sanbagawa-Mikabu metamorphic zone of Japan. No. 5 is from the lower- 
most-grade part of Banno’s zone III in the Bessi district. According to a personal com- 
munication from Mr. F. Hirowatari of the Geological Survey of Japan, the schists asso- 
ciated with the Tone piemontite (No. 3) do not carry biotite. 


Group No.| Lodi 
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It is clear that all the piemontites of group (a) have relatively low con- 
tents of Mn** and fall near the composition range of epidote formed at very 
low temperatures (i.e. 20-35 molecular percent Fe*+* end-member), whereas 
piemontites of groups (b) and (c) fall in a much wider field extending toward 
higher contents of Mn**. Piemontites of group (d) fall in the same field as 
those of groups (b) and (c) with the exception of that from the Langban 
mine (No. 17 in table 1), which shows a still higher content of Mn**. It fol- 
lows that not only epidote but also piemontite tends to have compositions near 
HCa.Al.FeSi,O,, at very low temperatures, and the composition field of these 
minerals enlarges with rising temperature not only toward higher and lower 
Fe** contents but also toward higher Mn** content. This enlargement is 
shown in figure 4. 

At still higher temperatures, the composition field of epidote and piemon- 
tite may become gradually smaller again and finally vanish, but such a change 
has not been clarified yet. 

It is interesting that a similar relation between composition field and 
formation temperature has been found in nepheline. Buerger and co-workers 
(1947, 1954) have shown that the alkali atoms in nepheline are divided into 
two groups, one group being accommodated in larger sites than the other. In 
“normal” nepheline, the former group is represented by K atoms and the 
latter by Na. Consequently, the composition of “normal” nepheline may be 
written as KNa,Al,Si,O,,. Miyashiro (1951) and Tilley (1954) have shown 
that the composition field of nepheline enlarges with rising temperature. 
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CLAY MINERALS FROM SALT CONCENTRATION PONDS 
WILLIAM QUAIDE 


ABSTRACT. Chlorite, montmorillonite, and mica found in muds from San Francisco 
Bay and from neighboring salt concentration ponds are recycled from older rocks, Ex- 
posure of these clay minerals to extremely saline environments for 7 years and to en- 
vironments with twice the salinity of normal sea water for 27 years induced no major 
structural changes. It is suggested that major changes such as the alteration of mont- 
morillonite to other 2:1 layer minerals go on slowly after deep burial. 


INTRODUCTION 


Studies of clay minerals from bottom muds of several salt concentration 
ponds were carried out to find possible trends and rates of diagenesis under 
known conditions of salinity, pH, Eh, and time. The investigation failed to 
establish any recognizable trends, but the results are noteworthy in that they 
contribute to the understanding of clay mineral stability and possible rates 
of diagenesis in saline environments. 
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METHODS OF STUDY 


The salt ponds studied are located on former marsh lands surrounding 
the southern end of San Francisco Bay. They are constructed so that water 
from the bay can be moved into the first pond of the system at high tide. The 
water is allowed to evaporate until it reaches a desired salinity whence it is 
moved to the next pond. The water is thus moved through a series of ponds 
until it becomes supersaturated with sodium chloride in the final blittering 
pond where the salt is precipitated and harvested. 

Samples of bottom mud were selected from the bay in the region of the 
ponds and from 10 ponds in the system where salinity had been kept rather 
constant over a number of years. Only the surface layers of the muds were 
sampled in order to obtain clays which had been in continuous contact with 
the brines, Each sample was sealed in a jar with water taken from the sample 
locality. Measurements of pH and Eh were made in the laboratory as soon as 
possible. A compilation of sampling localities, salinity, pH and Eh values, and 
the year the pond was constructed is presented in table 1. 

The muds are dark gray to black in color and are highly charged with 
decaying plant matter. They are strongly reducing, giving off large quantities 
of hydrogen sulfide. Most of the potentials measured lie near the limiting 
values for an aqueous environment. The muds are mildly acidic in contrast 
to the water which is mildly alkaline, but both become more acidic with in- 
creasing salinity. 

Samples were prepared for x-ray study by washing them free of salt with 
distilled water, dispersing them with sodium hexametaphosphate, and frac- 
tionating them by repeated sedimentation into the size grades 4-3, 3-2, 2-1, 
and less than 1 micron. Oriented aggregates of each size fraction were pre- 
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Taste 1 
Sample Locations, Percent Saturation of Sodium Chloride in the Brine, 
pH and Eh of Mud and Water, and Year of Pond Construction 


Sample Location % saturae pHmud pHwater Ehmud Ehwater _ year of 
tion construc- 
NaCl tion 
Ba bay 6.9 
Bb bay 7.0 
la pond : 7.2 
pond 4 6.9 
pond ; 6.8 
pond : 6.1 
pond | 6.7 
pond 6 6.6 
pond 7 3: 6.6 
pond 12 53 6.4 
pond 13 70 6.4 -— 
pond 14 95 6.3 7.0 
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Samples collected in October, 1954 


pared by allowing the thoroughly dispersed suspension to settle on glass slips. 
The aggregates were then x-rayed using a Norelco x-ray diffractometer. 
Patterns were obtained from the clay materials in room-air-dry, and glycol 
and glycerol expanded states, and in many cases after heating to tempera- 
tures of 200° and 475°C. Additional patterns of unoriented powders were 
recorded on films to obtain general reflections. 


OBSERVATIONS 

The most abundant minerals in the muds from the bay and the salt ponds 
are chlorite, mica, and montmorillonite. Mixed-layer minerals involving the 
above components are also present, but in small amounts when compared to 
the discrete clay minerals. 

Chlorite——Chlorite is present in all samples, giving weak 14 and 4.7 A 
and strong 7 and 3.5 A reflections. The peak of the 14 A spacing is obscured 
by a strong reflection in the same region by montmorillonite. Glycol solvation 
expands the montmorillonite component and reveals the presence of chlorite 
through the existence of a bulge on the high angle side of the stronger mont- 
morillonite peak. Glycerol expansion is sufficient, however, to resolve both 
peaks. Heating to 200°C collapses the structure of the montmorillonite to a 
spacing of about 10 A leaving a 14 A reflection of low intensity from the 
chlorite. Heating the sample to 300° and 400°C causes no further change, 
but heating at 450° in some cases and 475°C in others for one half hour in- 
creases the intensity of the 14 A reflection and simultaneously diminishes the 
intensity of the 7.1 A reflection to extremely small values. This is interpreted 
as indicating that the 7.1 A peak is due to reflections from poorly crystalline 
chlorite rather than from kaolinite. Kaolinite, however, may be present in 
small amounts. X-ray patterns of unoriented powders of 7 different chlorite 
rich samples show an 060 spacing of 1.545 A, suggesting that the material 
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may be iron poor, according to the method of von Engelhardt (1942), al- 
though Brindley and Gilley (1956) point out that this parameter is not neces- 
sarily a reliable guide to the iron content. 


room-air 
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\ aa glycol 


\ 
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Fig. 1. Comparison of the 7.14 A peaks of 3 samples showing the loss of symmetry 
and intensity induced by expansion and its restoration by heat-treatment. 


In & samples, glycol-solvation broadened the 7.1 A peak, decreasing its 
symmetry and intensity. In 6 cases, the single peak of the room-air-dry ma- 
terial was resolved into two recognizable maxima, one at the original spacing 
and the other at 7.25 + .06 A (fig. 1). Heating the material to 200°C re- 
stored the peak to its former symmetry and intensity. This is interpreted as 
indicating the presence of a discrete layer mineral with an OOl spacing of 
7.1 A, probably chlorite, and a mixed-layer mineral made up of nonexpanding 
layers with a thickness of 7.1 A, chlorite, and fewer randomly interlayered 
expansible layers, probably montmorillonite. This material is hereafter re- 
ferred to as mixed-layer chlorite-montmorillonite. The most pronounced 
lowering of intensity and resolution into 2 peaks on solvation is exhibited by 
samples Ba, la, 2, and 5. Samples from ponds with higher salt concentrations 
and lower pH values show less affect. This is the only difference found in the 
clay minerals between ponds of low and high salinity. It may indicate that 
the expanding component of the random mixture is converted to chlorite in 
the presence of the brines, but evidence is not conclusive. 

Mica.—Mica is present in all ponds except number 3, giving strong re- 
flections at 10 and 3.3 A and a weak reflection at 5 A. It is dioctahedral in 
all cases determined with an 060 spacing of 1.505 A. Small amounts of mixed- 
layer minerals, randomly interlayered units of mica and an expanding com- 
ponent, probably montmorillonite, are nearly always present along with the 
discrete mica particles. Presence of the mixed-layer minerals is indicated in 
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some cases by expansible low intensity peaks with spacings between 10 and 
12 A, and in others by low angle asymmetry of the 10 A spacing which is 
removed by expansion. Both of the above features may be present in the same 
sample. The percent of interstratified expanding layers is small in every case 
where distinct reflections can be measured, always less than 25 percent ac- 
cording to the curve calculated by Weaver (1956). Mixed-layer mica-mont- 
morillonite is present in all environments from the bay to the most saline 
pond, but always in small amounts. 


/ 


142K 


Fig. 2. Diffractometer traces of the four size fractions, 4-3, 3-2, 2-1, and less than 1 
micron, illustrating the regular distribution of mica and chlorite in all the fractions and 
the greater abundance of montmorillonite in the finest size grade. 


Montmorillonite-—An expanding clay mineral is abundant in the finest 
size grades of all samples. The expanding clay is termed montmorillonite on 
the basis of the following tests, although the author is aware that distinction 
between “clay vermiculite” and montmorillonite is not always possible 
(Walker, 1957). Room-air-dry patterns show a basal spacing near 14.2 A, the 
exact value being indeterminate because of the coincidence of the basal spac- 
ing of chlorite. Glycol-solvation expands the spacing to about 17 A, and 
glycerol-solvated homoionic samples expand to spacings ranging from 17 to 

8 A. Heating to 200°C collapses the basal spacing to 10 A. Saturation of the 
clay with ammonium ions reduces the spacings of the combined peak to a 
value intermediate between 12.5 and 14.2 A. 

The observed spacing of 14.2 A of natural room-air-dry clay shows that 
it is probably a mixture. This spacing could result from mixed-layering of 
sodium and calcium montmorillonite (McAtee, 1956), or perhaps sodium and 
hydrogen montmorillonite, a likely possibility in an acid environment. Ex- 
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Fig. 3. Comparison of diffractometer traces of glycol-solvated samples characteristic 
of each of the environments sampled. The break in the low angle region indicates that 
each curve is a combination of two traces, All samples are of the minus 1 micron size 
range. 
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pansion of the material by exposure to an atmosphere of ethylene glycol for 
12 hours expanded the montmorillonite of half the samples to give a basal 
spacing near 17 A. In samples 1b, 2, 5, 12, and 13, however, expanded basal 
spacings vary from 16 to 17 A, most often from 16.6 to 16.9 A. If glycol 
entered all the potentially expansible layers (G. W. Kunze, 1955), and if the 
expansible clay is entirely montmorillonite, one could conclude the existence 
of small amounts of a nonexpanding component, either montmorillonite with 
large, monovalent interlayer ions or another 2:1 mineral entirely, Samples 
lb, 5, 12. and 13 were made homoionic with Mg and then expanded with 
glycerol. Samples 1b, 5, and 12 expanded to spacings ranging from 17.4 to 
17.7 A whereas sample 13 expanded completely to 18 A. It is reasonable to 
conclude from this that incomplete expansion of samples 1b, 5, and 12 is due 
to interlayering of small amounts of layer minerals other than montmoril- 
lonite. 

Low intensity reflections with very large spacings were recorded from 
samples from various environments after glycol solvation (fig. 3). Samples 
Ba and lb have peaks at 27 and 26 A respectively, whereas specimens 5, 6, 
and 13 have spacings at 32 A. Diffractometer patterns of the same materials 
in the room-air-dry state show no low angle peaks, indicating that the spac- 
ings are produced by a mineral with expanding qualities. The spacings of 
samples Ba and lb, 27 and 26 A, could result from regular stacking of layers 
with thicknesses of 10 A and 17 A. Similarly, the 32 A spacing observed in 
specimens 5, 6, and 13 could result from a regular arrangement of units with 
thicknesses of 14 and 17 A. Because of the number of phases present and the 
small amounts of this material in each sample, it is impossible to recognize 
scattering maxima of higher orders. The identity of the components giving 
the large spacings, therefore. can not be fixed with certainty. 

Distribution—Chlorite and mica are evenly distributed among the var- 
ious size fractions. Montmorillonite and mixed-layer minerals on the other 
hand are present only in the finer size grades (fig. 2). There is no variation 
in amount of the main structural types of clay minerals in the various ponds 
except for the absence of mica in sample number 3, an absence which might 
result from the acidity of this particular environment. Randomly mixed-layer 
clays of the mica-montmorillonite type are likewise found in all the environ- 
ments. The only suggestion of any progressive change of mineral assemblage 
with change of environment is in the distribution of the randomly mixed- 
layered chlorite-montmorillonite which is seemingly more abundant in low 
salinity, near neutral environments than in those of greater salinity and 
acidity. Diffraction patterns of samples representative of each environment 
are presented for comparison in figure 3. The patterns shown are those of 
glycol-expanded materials with equivalent diameters of less than one micron. 


CONCLUSIONS 

Mica, chlorite, and montmorillonite of the muds are inherited from older 
marine and nonmarine sediments exposed in the hills surrounding the bay. 
It is even probable that the mixed-layer mica-montmorillonite is inherited 
from the soils or parent rocks. Minor diagenetic changes involving regenera- 
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tion of degraded mica and chlorite may have taken place as soon as the clay 
materials were taken from the weathering profile and delivered to the marine 
environment, although this has not been demonstrated by the present study. 
It has demonstrated that under strongly reducing, slightly acid conditions, a 
great increase in salinity with simultaneous lowering of pH has caused no 
notable structural changes in the bay sediments during nearly 7 years, and 
that exposure to water with twice the salinity of normal sea water has pro- 
duced no pronounced changes in 27 years. The only changes indicated (in- 
conclusively) are the elimination of a small number of expanding layers in 
chlorite and the destruction of the mica structure in overly acid bottom muds. 

The lack of major structural changes during these short periods of time 
may be considered negative evidence supporting the view of Grim and Bradley 
(1955) that post-depositional alteration of montmorillonite to other 2:1 
layer clay minerals goes on slowly after deep burial. Major structural changes 
probably do not occur in the upper layers of recent sediments. Mineral dis- 
tributions which have suggested such processes may have resulted from 
selective flocculation and sorting of clay particles. 
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COMMUNICATION 


THE SOLUBILITY OF QUARTZ AT HIGH TEMPERATURES 
AND PRESSURES 

In a recent paper by J. A. Wood, Jr. (this JouRNAL, v. 256, p. 40, 1958) 
a theoretical discussion of the experimental data on the solubility of quartz in 
water was presented. Wood considers the general reaction 
1) A(SiO,, xl) + B(H,O, vap.) = D(d) + E(e), (vap) 
where A, B, D, E are mole numbers. d, e represent possible chemical species of 
SiO, hydrates in solution. An attempt was made to evaluate the chemical po- 
tentials of the various chemical species using statistical mechanical methods 
for the equilibrium equation 2) corresponding to the reaction 1) above 
2) An Bu‘ + Eu.” 


The contribution PV™ . o, to pw <5, Was neglected by Wood in his treatment. 


This term will effect the calculated isothermal solubility by a factor 


exp ~ PV" .,., /RI Di: This term ranges from about 1 to 2.6 over the pres- 


sure range of interest for A/D 1. The comparative magnitude of this term 
may be seen from the fact that the change of the chemical potential of water 
from 200 bars to 2000 bars at 400°C is 1.3 k cal while the change in »"' . 

is | k cal. 

In addition to this omission, the H.O vapor was treated as a perfect gas 
(PV/RT 1) and as a van der Waals gas. Inspection of the experimental 
data for H,O in the P, T region of interest shows that PV,,,.. /RT is as low as 
0.2. In the case of the van der Waals treatment, the volume parameter was de- 
termined from the observed solubility instead of the equation of state. 

In view of these comments it would appear that the treatment presented 
by Wood is a parametrization instead of a thermodynamic or statistical me- 
chanical analysis. Hence, the conclusions as to the species of SiO, hydrates in 
solution are not justifiable. 

G. J. WASSERBURG 
JOHN A. WOOD, JR. 
Div. or Earti Sciences 


Cauir. Inst. of TECHNOLOGY 
PASADENA, CALIFORNIA 


DEPARTMENT OF GEOLOGY AND GEOPHYSICS 


Massacuusetts oF TECHNOLOGY 
CAMBRIDGE, MASSACHUSETTS 


REVIEWS 


Niels Henrik Abel, Mathematician Extraordinary; by Oyste1N Ore. P. 
277. Minneapolis, 1957 ( University of Minnesota Press, $5.75) .—Pure science, 
like every other field of human devotion, contains stories of frustration and 
fulfilment, failure and success, tragedy and bliss. A novelist will find it diffi- 
cult to invent a plot more deeply moving than the true biography of the mathe- 
matician Abel. Growing in family circumstances as bizzare as any, the young 
man’s genius rises at an unbelievably early age and clamors for recognition, 
which an academic world steeped in tradition is slow to confer. Our brilliant 
hero, with normal and healthy appetites for living, is forced to exist in cir- 
cumstances that seem preposterous in our day of subsidized thinking; yet he 
produces the finest fruits of mathematical research. Longing for a university 
position and for a livelihood that will unite him with his fiancee, he falls ill 
and suffers. And fate decreed that the first offer of a post should reach him on 
the day of his death at the age of 26. 

The author, himself a distinguished mathematician and a native of Abel’s 
country, is the ideal man to write this impressive and timely biography, for he 
combines an expert understanding of Abel’s achievements with knowledge of, 
and love for, his cultural milieu. The general reader will enjoy this book as 
good biographical writing upon a memorable and moving theme; the scientist 
will welcome it as an account of a story which involves as actors the greatest 
mathematitians of the 19th Century—Abel, Jacobi, Legendre, Gauss, Poisson, 
Bessel, Dirichlet and Steiner—competing, conferring, collaborating in the 
great human drama which is science. HENRY MARGENAU 


Microcalorimétrie. Applications Physico-Chimiques et Biologiques; by 


E. Catvet and H. Prat. P. viii. 395. Paris, 1956 (Masson et Cie, 5,200 fr.) .— 
This book constitutes a most detailed description of the Tian type of 
calorimeter as improved and developed by Calvet and his colleagues, and 
summarizes a wide range of experiments illustrating the usefulness of the 
equipment and method. 

The first part of the volume, by Calvet, gives a thorough treatment of the 
elementary principles that form the basis of the design of calorimeters of this 
type; naturally, much of this discussion applies also to calorimeters of other 
types. This section includes rather complete discussion of the apparatus and 
the methods of operation and calibration, and estimates of the precision ob- 
tainable. Calvet has also written the second part of the book, which presents 
a survey of the applications of the apparatus that have been made in the field 
of physical chemistry. In the last section, H. Prat summarizes the wide range 
of experiments that have been performed on systems of biological interest. 

It is interesting to note that the instruments have been developed to the 
point where heat effects produced in a volume of a few milliliters can be re- 
corded as a function of time with an absolute error less than one microwatt. 
Experiments exceeding a month in duration have been successfully handled. 

It is pertinent to point out that this volume does not pretend to be, and 
definitely is not, a complete monograph on microcalorimetric methods. As the 
record of achievement of many years of calorimetric effort, it will be of in- 
terest to those who are active in the field or are planning to enter the field. 

JULIAN M. STURTEVANT 
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Mineralogische Tabellen, 3d edition: by H. Strunz. P. viii, 448; 68 figs. 
Leipzig, 1957 (Akad. Verlag. Geest & Portig, DM 34.).—Few new editions 
of well known books have been awaited with such interest and anticipation 
as this. The work has been enlarged more than 40 pages over the second 
edition (1949), and mineralogists will no doubt agree that the enlargements, 
mainly in the form of more references and a new index of mineral formulas, 
are well justified. The silicates, especially the inosilicates and phyllosilicates, 
contain many examples of the impact of recent progress in crystal structure 
analysis upon our concepts of the chemical constitution of the silicates. This 
is the first general classification of silicates that has come to the writer’s at- 
tention in which the significance of ordered and disordered crystal structures 
is extensively used (as with feldspars having distinct high-, and low-tempera- 
ture phases, and with several phyllosilicates, etc.). The folded plates between 
p. 326-7 and between p. 336-7 give excellent summaries of the phyllosilicates 
and of the feldspars, respectively, and should be examined with special care. 

Mineralogists in all countries will be most grateful to Prof. Strunz for 
this very important volume. HORACE WINCHELL 


Introduction @ Etude des Roches Métamorphiques et des Gites Métal- 
liféres; by Pierre Larrirre. P. 340; 106 figs, Paris, 1957 (Masson et Cie, 
1,000 fr.).—M. Laffitte divides his remarkably inclusive work into four sec- 
tions. In the first he summarizes what is coming to be called crystal chemistry. 
The second deals with general geochemistry, the more or less non-chemical 
aspects of the chemical analysis of rocks, and the various petrological calcula- 
tions and graphical procedures for which the analysis serves as starting point. 
The third and longest section is entitled “Thermodynamics”; like the first, it 
is for the most part a condensed, and often overambitious, summary of well 
known results, virtually devoid of derivations. The fourth section, “Petrology 
of Metamorphic Rocks,” begins with a rapid review of the more conventional 
aspects of the subject (definition, classification, facies, etc.) and continues 
with discussion of time and energy relations, equilibrium in metamorphism, 
and the proposed migrations of matter in the more extreme forms of meta- 
somatism and ultrametamorphism. 

Volcanic rocks are purposely abjured, and although he seems prepared 
to admit the existence of plutonic rocks of non-metamorphic origin, Laffitte 
cannot bring himself to a serious discussion of surviving magmatic fantasies 
concerning granite. Except for these omissions, the second of which is not 
adequately compensated by the simple device of regarding “most” granites 
and granodiorites as metamorphic, practically everything else peripheral and 
much that is central to hard-rock petrology is mentioned and catalogued. Few 
subjects, however, are discussed fully, and the discussion is often so con- 
densed that its value as either introduction or review is limited. This “intro- 
duction to the study of rocks and ore deposits” assumes a very considerable 
knowledge of rocks on the part of the reader but can be read without any 
prior knowledge of ore desposits, about which it says virtually nothing. The 
author’s interest is much more in the study than in the rocks or ores. Most of 
all he is interested in the attitude of the student and research worker, both of 
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whom he wishes to . orient . . . toward a new and rigorous petrographic 
method.” It is in connection with this general objective that his book demands 
careful appraisal. 

The “new and rigorous” petrology evidently demands that the student be 
thoroughly versed in theoretical chemistry, thermodynamics, and statistics, 
all three of at least advanced undergraduate and preferably beginning grad- 
uate level. It must face and solve two quite different problems, the first of 
which is probably much more serious here than abroad. How can we assure 
the practically uneducated high school graduate of both a thorough introduc- 
tion to geology and sufficient exposure to these specialties without simul- 
taneously depriving him of his last chance for a general education? And by 
what methods and procedures can a “new” petrographer contribute more to 
geology than an “old” one? 

The structure of Laffitte’s book permits and invites consideration of the 
second question. There is in fact very little relation between the different sec- 
tions into which it is divided. Most of the material on crystal chemistry, with 
which the work opens, simply drops from view. A small residue of it is re- 
quired for proper appreciation of much of the geochemical matter of the 
second part. A general understanding—or recollection—of it is certainly of 
some assistance in following section 3, on thermodynamics, and section 4, on 
the petrology of metamorphic rocks. But only a very small part of it is actual- 
ly indispensable for comprehension of section 3 and almost none of it will be 
missed acutely by those who turn directly to section 4. 

The demise of my own specialty, statistical petrology, is even more 
abrupt. The subject is introduced, as it should be, by a practical discussion— 
in this case of sampling variation and experimental error in rock analysis. Of 
the author’s active interest in this matter there can be no question; many of 
the data used in chapter 4 were collected either by him or under his super- 
vision and most of the argument of the chapter originates with him, The dis- 
cussion occupies 19 consecutive pages and the whole subject then disappears 
without trace. It plays no role even in the remaining chapters of part 2, and 
the other sections of the book neither require nor utilize the work of chapter 4. 

The fate of section 3, Thermodynamics, is a little different. In the first 
place, the section itself is the longest in the book, Further, the elementary 
language, and, speaking broadly, the attitude, of the discipline, are indeed 
carried over into the concluding section. The vocabulary of thermodynamics 
does clarify many of the key questions of metamorphic petrology. Except in 
very special cases, however, it does not answer them. 

The upshot of all this is that, except for some of the vocabulary of 
thermodynamics, little of the elaborate paraphernalia of the “new and 
rigorous petrographic method” is to be found in the section entitled the 
“Petrology of Metamorphic Rocks.” In this, it seems to me, the book gives a 
fair picture of the present status of our subject. It is as if, in an old-fashioned 
war, the big guns had all been brought up to the line and zeroed in, but the 
ammunition had been forgotten. The signal for the barrage is given and, in 
the awful silence which follows, an elegant, bookish general gallops forward to 
discover why his orders are ignored. The men of the first battery he en- 
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counters protest wearily that they do not know how to fire guns without 
ammunition. “You fools,” the general roars, “don’t you know that it takes 
energy to fire guns?” He then gallops back to staff headquarters and dictates 
a strongly worded memorandum on the inadequacy of the curriculum of the 
artillery cadre school, where the men are not even taught that one puts energy 
into big guns. 

Almost every one seriously engaged in petrology today will sympathize 
with the general. Appearances are against him, but deep down inside we feel 
he is right. It is part of the spirit of our time to feel that our subject would 
profit greatly if its practitioners were well versed in theoretical chemistry, 
statistics, thermodynamics. It needs both the substance and, to some extent, 
the attitude of the more rigorous sciences. But it is not one of these sciences, 
its purpose is not merely to illustrate their principles, and as a natural science 
it is forever denied the wholesale abstraction and simplification by which 
they achieve their greatest triumphs of rigorous generalization. 

In terms of actual achievement the “new and rigorous” petrology is some- 
thing more than new; it is practically prenascent. None of the major prob- 
lems posed by the old petrography has been effectively solved by the new. The 
best we can say is that we feel we understand some of these problems a little 
better, and can in some instances see what kind of information might lead to 
solutions, if we first translate them into the language of chemistry, statistics, 
or thermodynamics. Meanwhile the old petrology becomes progressively weak- 
er. Fortunately for many of us, present company not excepted, the pre-war 
graduate student was not required to possess that wide knowledge of the oc- 
currence, mineralogy and distribution of rock types which characterized the 
petrologist of the first quarter of the century, One does not even expect to 
find it in the post-war product. With all its enthusiasm and promise, the 
present situation contains the very real danger that by the time we learn to 
think about rocks with reasonable maturity we shall have forgotten about or 
lost interest in them. If this be treason... . 

The author’s eloquent pleas for novelty and rigor in petrography are 
entirely welcome. His enthusiasm, assurance and brevity, however, sometimes 
create the unfortunate impression that he is willing to take the word for the 
deed. Despite frequent reminders to the contrary, the uninitiated reader is 
likely to come away feeling that the new petrography has already settled many 
problems which in reality it has barely begun to discuss. The reader with a 
good background in petrology will find the first three sections of the book a 
fearful reminder of what he ought to know about other sciences, and the con- 
cluding section a stimulating and provocative review of many facets of his 
own science. There is an excellent table of contents and a very poor glossary. 


CHAYES 


Geology of India and Burma, 3d ed.; by M. S. Krisunan. P. 555. Madras, 
1956 (Higginbothams (Private) Ltd., Rs. 22/8 (about $6.00) ).—The first 
edition of this text-book by the present Director of the Geological Survey of 
India appeared in 1943 and the work was reprinted with little change in 1949. 
The present edition has been extensively re-written. It provides an eminently 
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readable and well presented account of the salient aspects of Indian geology, 
concerning itself not only with the stratigraphy, structure and tectonics but 
giving also short essays on appropriately selected topics in physiography and 
petrography. Thirteen maps are included as text-figures or folding plates, and 
there is a coloured geological map of India (1 in. = 96 m.) in an end-pocket. 
Most of the twenty chapters are followed by good bibliographies. While the 
majority of the post-1947 changes in Indian geographical names are included, 
some (e.g. Kerala for Travancore) post-date the editing of the book. The 
price of the work is low for its size and composition. Cc. F. DAVIDSON 


Glacial Map of Canada; J. T. Witson, chairman compilation committee. 
One sheet, 62 x 50 inches; scale 1 inch = 60 miles, in colors. Toronto, 1958 
(The Geological Association of Canada, $2.00).—The compilation published 
in this fine map testifies to the activity of Pleistocene research in Canada since 
the publication of the Glacial Map of North America in 1945, and also to the 
effectiveness of air-photo study in the delineation of glacial features through- 
out an extensive region. Assembled by a committee consisting of G. Falconer, 
W. H. Mathews, V. K. Prest, and J. T. Wilson, it was compiled at the Geo- 
physics Laboratory, University of Toronto. Publication was supported by three 
Canadian institutions: the Geological Survey, the Defence Research Board, 
and the National Research Council. The result is clear, readable, and pleasing. 

Because very little pre-Wisconsin drift is exposed in Canada, the map 
shows little stratigraphy; it treats all features implicitly in terms of a single 
major glaciation. The chief areal color conventions include major end mo- 
raines, small moraines, outwash, former lakes, and former marine areas. Exist- 
ing glaciers are shown, as well as nonglaciated areas, the latter in the Arctic 
archipelago and, with some uncertainty, between the regions of Cordilleran 
and “Keewatin” glaciation in the District of Mackenzie and in southern 
Alberta. Upper limits of glaciation in the Cordillera, where known, are shown 
by form lines that delineate in a general way the form of the Cordilleran glacier 
complex when at its maximum, ice-sheet phase. 

The most striking feature of the map is the truly remarkable groups of 
radiating streamline forms, and the eskers paralleling them, in the broad re- 
gions respectively southeast and northwest of Hudson Bay. These plots, made 
possible by air photography, show graphically the directions of radial flow in 
the ice masses that last covered those regions. Large numbers of striations, 
strandlines, small moraines, and other minor features have been added from 
ground observations. 

A very useful feature is an inset map, on scale of 1 inch = 150 miles, 
showing the extent of bedrock outcrop and drift cover throughout Canada; 
this too is derived from air-photo interpretation. 

The compilation committee have rendered a great service to geologists, 
geographers, ecologists, and others concerned with the nature and distribution 
of Pleistocene features in Canada. Their map is likely to intensify the collection 
and correction of pertinent information, which is just what it should do. 

The Glacial Map of Canada is distributed by the Geological Association 
of Canada, c/o Imperial Oil Ltd., 111 St. Clair Avenue, West, Toronto 7. 

RICHARD FOSTER FLINT 
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Miocene Fossils of Maryland; by Haroxp E. Vokes. P. 85. Baltimore, 
1957 (Maryland Department of Geology, Mines and Water Resources, Bulletin 
20, $1.00 paper, $1.50 cloth).—The richly fossiliferous marine Miocene de- 
posits of the Maryland coastal plain have long attracted both professional 
and amateur paleontologists. Although the professional can consult scientific 
journals in studying the fossils, the amateur has had no comprehensive refer- 
ence available to him since the Maryland Geological Survey Miocene volumes 
of 1904 went out of print. Vokes’ fine little book was prepared in response to 
an increasing demand by interested amateurs. 

The book covers the common macrofossils of the Calvert, Choptank and 
St. Marys formation. The formations, members and faunal zones are briefly 
discussed and their distribution shown on a geologic sketch map of the out- 
crop area between the Potomac River and Chesapeake Bay. The common 
genera and species of fossils. mostly gastropods and pelecypods, are concisely 
and lucidly described. They are illustrated by over 300 excellent line drawings 
shown in actual size where convenient: otherwise the actual long diameter 
is shown by a line alongside the figure, Necessary morphologic background is 
nicely worked into the descriptive portion of the text and is supplemented by 
a plate showing the terminology applied to parts of pelecypod and gastropod 
shells. Altogether the author has succeeded in preparing a compact and in- 
formative guide to the Maryland Miocene faunas useful to professionals as 
well as amateurs. The work is enhanced by the excellent job of book-making 
which has come to typify the Maryland bulletins. KARL M. WAAGE 


Vertebrates of the United States; by W. Frank Biatr, ALBERT P. Barr, 
Pierce Bropkors, Frep R. Cacie, and Georce A. Moore. P. ix + 819: 426 
figs. New York, 1957 (McGraw Hill Book Co., Inc., $12.00) .—Five active stu- 
dents of recent vertebrates have collaborated in bringing together in a single 
volume keys to all species of backboned animals that occur within the conti- 
nental United States. Excellent field guides and handbooks, which contain far 
more detail and illustrations than it was possible to include in this comprehen- 
sive volume, are available for mammals and birds, for various orders of 
amphibians and reptiles, and for fishes of restricted areas within the United 
States. The present volume, however, will be extremely useful to the naturalist 
who desires a general reference for occasional identifications of specimens, par- 
ticularly of groups outside his own special field. The keys are designed for 
identification of specimens in hand rather than living animals in the field. 

A brief introductory chapter (9 pages) surveys the geologic history, struc- 
ture, classification, and distribution of vertebrates, Essential characters for 
identification are either illustrated adjacent to the keys or in introductions to 
other chapters. In such a condensed manual, the general introduction to each 
Class presents particularly difficult problems of selection for the author. Most 
inaccuracies noted in the volume are in these highly condensed introductions, 
which are scarcely essential to the primary purpose of the manual. For ex- 
ample, lizard skulls are stated to have 2 temporal arches (p. 297): although 
derived from two-arched types and technically diapsid, lizards never have a 
lower arch, and the upper arch may become connected to the skull roof so that 
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no arches are evident. The 3 auditory ossicles of mammals are referred to (p. 
617) but the distinction from lower tetropods is only implied and the far more 
obvious “key” character of a single bone forming the mandible is not men- 
tioned. 

The discussion of birds includes a brief and incompletely illustrated dis- 
cussion of skeletal, visceral, and muscular anatomy, which is referred to in the 
descriptions of Orders, but not in the keys. Regardless of the value of these in- 
ternal structures in assessing the relationships of various families of birds, the 
space would better have been devoted in a volume of this type to a diagram of 
the terminology of the external features of birds used in the keys, like those 
provided for bony fishes and various Orders in other classes. Although the 
longest chapter, this has the fewest illustrations. 

Many skull characters are used in the keys to mammals; hence properly 
prepared specimens are required for identification. Cranial or dental features 
are needed for recognition of some species of mammals, but most genera (ex- 
cept some shrews) are determinable from external features. Separate keys to 
external and skeletal features would be most ideal but would unduly increase 
the size of such a text as this. 

The ease with which various orders, families, and genera might be located 
in the text after arriving at their determination in the keys would have been 
greatly facilitated by inserting appropriate page references in the keys, and by 
use of a greater variety of type, central headings, and other devices to empha- 
size the ranks of groups instead of commencing new genera and even families 
as new paragraphs without break from that preceeding. That this compression 
of the text was not necessary to keep the size down is obvious when the ample 
space above each key or table is considered. 

A serious defect is the absence of any list of references to other manuals or 
treatises on birds. Other chapters are provided with brief but well chosen bib- 
liographies which refer the student to more detailed sources of information. 
These are longest for the fishes, a group for which no single manual of com- 
parable scope exists. JOSEPH T, GREGORY 


Geologic Field Methods: by Jutian W. Low. P. xv, 489; 215 figs.; 11 
tables. New York, 1957 (Harper & Brothers, $6.00; $4.50 to students ).—This 
is an excellent textbook and I strongly recommend its consideration by all who 
teach field geology. With certain minor exceptions, the book is an elementary 
approach to field work and it describes field techniques clearly and in detail. 
Although slanted toward the oil geologist. coverage of other fields is good. The 
section on underground methods and quantitative sampling (Chapter VIII by 
R. H. Carpenter) fills a long-felt need in beginning texts. 

Possibly the best feature of the text is that the author, an experienced field 
man, gives many of the subtle methods and techniques of the field man that 
ordinarily never appear in print. The description of the several methods of 
actually taking a strike and dip in the field is particularly lucid and well il-. 
lustrated. Chapter I (general advice) is crammed with excellent advice for the 
beginner and is a must for all field men. The experienced field man may only 
find one or two new tricks, but he more than the tyro knows that each new 
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trick may be worth many times its weight in both oil and gold. In Chapter V 
(topography) and Chapter VI (structural techniques) , Low has described with 
the artistic feeling of a field man the methods of drawing contours so that ex- 
perience replaces mathematically exact blundering. An artist must know the 
rules, however, before he can break them with impunity, so he also gives good 
quantitative methods, some of which are seldom seen in textbooks. 

The principal difficulty with the text is organization. Basic material is 
scattered throughout the text and is difficult to locate. The reviewer’s first as- 
signment to beginning field students is, by necessity, snatches from ten differ- 
ent parts of the book. Basic topics like note-taking, sampling, etc. are scattered 
throughout the text and commonly given from the point of view of a particular 
phase of field work rather than in general terms. Chapter II (directing large 
field parties) and III (living in the field) are unlikely to be assigned to begin- 
ning students, yet bits of valuable information, such as the preliminary or- 
ganization of field work, are scattered through them. Two omitted items the 
reviewer would like to have seen included are (1) an outline of a typical field 
or geological report, and (2) a note on altimeter readings and their correction. 

As might be expected, the section on Plane Table techniques (Chapter 
IV) is well organized and good, and the stadia tables in the appendix are in 
very usable form. Other noteworthy chapters cover stratigraphic methods 
(VII), field sketching (X), and subsurface techniques (1X). This excellent 
book is neither a compendium of tables and charts nor an attempt to summarize 
all of geology in a single volume. It presents most of the points of primary 
interest to a field man, and puts them in simple, readable English. 

DONALD H. KUPFER 
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Principles of Electrical Measurements; by H. Buckingham and E. M. Price. New York, 
1957 (Philosophical Library, $15.00.). 

Atomic Power; edited by Corbin Allardice. New York, 1957 (Pergamon Press, $3.50). 

The Proterozoic in Canada; edited by James E. Gill. Toronto, 1957 (University of Toronto 
Press, $5.95). 

The Species Problem; by Ernst Mayr. Washington, D. C., 1957 (American Assoc. for the 
Advancement of Science, Pub. 50, $8.75). 

Soviet Education for Science and Technology; by Alexander G. Korol. New York, 1957 
(Massachusetts Institute of Technology, John Wiley & Sons, Inc., $8.50). 

In Search of Man; by André Missenard. New York, 1957 (Hawthorn Books, Inc., $5.95). 

The Old Stone Age; by Stefan Celebonovic. New York, 1957 (Philosophical Library, 
$10.00). 

Canada Dept. of Mines, and Technical Surveys: List 2-1, Metal and Industrial Mineral 
Mines in Canada (25 cts.). Mem. Ser. No. 135, Columbium (Niobium) and Tanta- 
lum; by R. J. Jones (50 cts.). Min. Resources Inf. Cire. M. R. 26, A Survey of 
Developments in the Titanium Industry During 1956; by T. H. Janes, Ottawa, 1957. 

Elements of Physics; by Alpheus W. Smith and John N. Cooper. New York, 1957 (Mc- 
Graw-Hill Book Co., $7.50). 

Once Round the Sun; by Ronald Fraser. New York, 1957 (The Macmillan Co., $3.95). 

Pleistocene Man at San Diego; by George F. Carter, Baltimore, 1957 (Johns Hopkins 
Press, $8.00). 

Hypnography; by Ainslie Meares. Springfield, Ill., 1957 (Charles C. Thomas, $7.75). 

Geography in the 20th Century; edited by Griffith Taylor. New York, 1957 (Philosophical 
Library, $10.00). 
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Photoheliographic Results, 1950, London, 1957 (Her Majesty’s Stationery Office, £2-7s. 
6d.). 


Experimental Control of Plant Growth; by Frits W. Went. New York, 1957 (Ronald 
Press Co., $8.50). 


Practical Clinical Chemistry; by Alma Hiller. Springfield, Ill., 1957 (Charles C. Thomas, 
$6.50). 

Verbal Behavior; by B. F. Skinner. New York, 1957 (Appleton-Century-Crofts, Inc., 
$5.50). 

Mineralogische Tabellen; by Hugo Strunz, Leipzig, 1957 (Akademische Verlag. Geest & 
Portig, DM 34.). 

Physics and Chemistry of the Earth, Volume II; edited by L. H. Ahrens, Frank Press, 
Kalervo Rankama, and S. K. Runcorn. New York, 1957 (Pergamon Press, $10.00). 

A History of Mathematics; by J. F. Scott. London, 1958 (Taylor & Francis, Ltd., 3 
guineas). 

Nuclear Masses and Their Determination; edited by H. Hintenberger. New York, 1957 
(Pergamon Press Inc., $14.00). 

Crystal Structures, Supplement III, Chapters I-VIII; by Ralph W. G. Wyckoff. New York, 
1957 (Interscience Publishers, Inc., $20.00). 

L’Automatique des Informations; by F. H. Raymond. Paris, 1957 (Masson et Cie, 1.600 
fr.) 

Prospection Electrique; by Pierre Lasfargues. Paris, 1957 (Masson et Cie, 3.000 fr.). 

Traité de Paléontologie, Tome VII: Primates—Paléontologie humaine; by Jean Piveteau. 
Paris, 1957 (Masson et Cie, 12.800 fr.). 

Morphology of Plants; by Harold C. Bold. New York, 1957 (Harper & Brothers, $8.00). 

La Estacién Experimental Agricola de Tucuman; by William E. Cross, Buenos Aires, 
1952 (Salvat Editores). 

Principles of Ophthalmoscopy; by John K. Erbaugh. Springfield, Ill., 1957 (Charles 
Thomas, $5.50). 

Progress in Nuclear Physics, Volume 6; edited by O. R. Frisch. New York, 1957 (Per- 
gamon Press, $14.00). 

High-Talent Manpower for Science and Industry; by J. Douglas Brown and Frederick 
Harbison. Princeton, 1958 (Princeton University Press, $3.00). 

Cavitation in Hydrodynamics. New York, 1957 (Philosophical Library, $15.00). 

Evaluation of a Conducting-Paper Analog Field Plotter as an Aid in Solving Ground- 
Water Problems; by Leslie E. Mack. Lawrence, 1957 (Kansas Geol. Survey, Bull. 
127, pt. 2). 

The Distribution of Minnesota Minnows and Darters; by James C. Underhill. Minneapolis, 
1957 (Unive ersity of Minnesota Press). 

Contribution 4 I'Etude Géologique et Minéralogique de Quelques Gisements de Kaolin 
Bretons; by J. Nicolas. Paris, 1957 (Soc. francaise de Céramique). 

Long, Long Ago; by Mary Lou Clark. New York, 1957 (Pageant Press, $2.00). 

Hystricomorph Rodents from the Late Miocene of Colombia, South America; by Robert 
W. Fields. Berkeley, 1957 (University of California Publications, v. 32, no. 5). 

United Nations: Economic Applications of Atomic Energy (50 cts.). New Sources of 
Energy and Economic Development ($1.25). New York, 1957. 

Geology and Mineral Resources of the Gossan Lead District and Adjacent Areas in 
Virginia; by Anna J. Stose and George W. Stose. Charlottesville, 1957 (Virginia 
Division of Mineral Resources, Bull. 72). 

Annales du Centre d'Etudes et de Documentation Paléontologiques, No. 23: 1. La Limite 
entre le Dinien et le Cambrien en U.R.S.S.; by A. Vologdine. 2. Les Archaeocyatha 
et leur Signification Stratigraphique; by A. Vologdine. 3. Le Cambrien en U.R.S.S 
by A. Vologdine. Paris, 1957 (1.200 fr.). 

Reports of the Swedish Deep-Sea Expedition 1947-1948, Vols. I, II, VI; edited by Hans 
Pettersson. Goteborg, 1957. 

Ergonomics, Vol. I, No. 1. London, 1957 (Taylor & Francis, $3.50 per part; $13.30 per 
volume). 

Illinois State Geological Survey: Rept. of Inv. 202, Vanadium Efflorescence and its Con- 
trol by the use of Fluorspar; by D, L. Deadmore, A. W. Allen and J. S. Machin. 
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Elements in Illinois Limestones; by Meredith E. Ostrom. Circ. 244, Brine Disposal i iu 
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Pacific Antarctic Waters; by Lars Midttun and Johan Natvig. Bergen, 1957 (John Griegs, 
Pub. nr, 20). 
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1956 (John Griegs, Pub. nr. 17). 
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Lyola Colbry. Washington, D. C., 1957. 

Pennsylvania Geographic and Ge ologic Survey: Progress Rept. 151, Oil and Gas Develop- 
ments in Pennsylvania in 1956; by Wm. S. Lytle (15 cts.). Progress Rept. 152, Pre- 
liminary Report on the Sedimentary Uranium Occurrences in the State of Pennsylvania; 
by John F. McCauley (70 cts.). Inf. Cire. 9, The Mineral Industry of Pennsylvania in 
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980 fr.). 
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The Fetal Pig; by W. L. Evand and Addison E, Lee. New York, 1958 (Rinehart & Com- 
pany, $1.25). 

Studies in Foraminifera; by Alfred R. Loeblich, et al., Washington, D. C., 1957 (Smith- 
sonian Institution, U. S$. Museum Bull, 215, $3.25). 

Geological Survey of Kansas, Bulletins: 126, Ground-Water Resources of the Ladder Creek 
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1.000 fr.). 
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(Harper & Bros., $3.75). 
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(Princeton University Press, $1.95). 

ie of Biology, 2d ed.; by W. Gordon Whaley, et al. New York, 1958 (Harper & 
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